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ABSTRACT 
The objectives of this research were to identify the major soil parameter(s) that 
affect the erosion rate of soil and to estimate the erosion rate based on those soil 
parameters. Both prepared samples and natural samples were used in this research. The 
soil properties analyzed were the water content, unit weight, Atterberg limits, and soil 
cohesion. The erosion rate was determined using a rectangular flume and a linear relation 
between the erosion rate and shear stress was established from the flume experiment. The 
slope of the linear relation was a good indicator of the soil's erosion rate. The erosion rate 
obtained for prepared soils were significantly affected by dry unit weight and percentage 
clay content. A decrease in dry unit weight caused higher erosion while an increase in the 
clay percentage caused higher resistance to erosion. The natural soils tested were Silty 
Loam and Sandy Loam. The linear relation obtained for these soils were statistically 
analyzed to predict the erosion rate. A set of multiple regression analyses was performed 
on each soil type to determine the slope and erosion rate axis intercept of the linear 
relation using the dry unit weight and the percentage clay as predictors. The set of 
regression equations obtained for each soil type can be used to estimate erosion rates 
incases where the dry unit weight and percentage clay content are known. Thus, the 
relationship derived from this research is conducive to effectively predicting the erosion 
rate of soil without performing the flume experiments. 
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1. INTRODUCTION 
On the basis of its temporal and spatial ubiquity, erosion has become a major 
environmental problem world-wide. Due to its numerous impacts soil erosion is an 
essential research topic for scientists and engineers. The rate of soil erosion exceeds the 
rate of soil formation over wide areas, depleting soil resources and productive potential. 
There are many factors that contribute to the erosion of soils. Human activities is one of 
the major causes that accelerating the erosion problem. 
Soil erosion can occur either by wind or by water. The most important type of 
water erosion in land areas is caused by rainfall impact and surface water runoff. Other 
types of water erosion are classified based on the spatial and topographic location in the 
flowpaths within the watershed. Water flow and its path in the watershed are central to 
the study of water erosion. The major types of water erosion are rill, gully, and stream 
channel erosion. The main type of erosion in channels includes the advance of headcuts, 
bank, and bed erosion. Among these types the bank erosion is usually of greatest concern 
when considering effected reparian land and is primarily considered in this study. 
Stream channels are an integral part of the landscape and are developed in the 
absence of human activities. But, activities on the upland areas and within channels 
themselves can greatly influence stream channel erosion. Channel features including 
meanders and channel grades adjust to accommodate flow and the load of sediments 
delivered to the channel. Hence, changes in land use can vary any of the above factors 
and affect the channels. Abrupt changes in land use, such as urban development, can 
significantly increase the stream flow by contributing more runoff volume and rate into 
the channel. Activities like these destabilize channels and initiate channel erosion. Stream 
channels in undisturbed areas are more stable than channels in urban areas where logging, 
road building, and other construction activities can disturb the stream. 
Soil erodibility refers to the inherent susceptibility of soil particles or aggregates 
to move when subjected to an erosive force. In streambanks, shear stress applied by water 
is the major erosive force. Other erosive forces include rainfall energy, slope length, and 
steepness. But, even if all these erosive forces are held constant, erosion rates for some 
soils are higher than those of other soils. The difference in erodibility is a result of the 
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difference in the inherent mechanical, physical, and chemical properties of soils. Basic 
soil properties that affect the erosion process include soil texture, structure, chemistry, 
and organic matter content. These properties control the other physical properties such as 
porosity, permeability, unit weight, cohesion, and soil profile development. Vegetation is 
an external factor that controls the soil erosion. 
1.1. RESEARCH OBJECTIVE 
Common methods of estimating soils' resistance to water erosion are based on 
particle-size distribution, organic matter content, soil structure, soil permeability, etc. The 
main objective of this study is to determine the major soil parameters that control its 
erosion rate and to establish a relationship to predict the erosion rate based on those 
parameters. The previous research performed in this filed by Krishnan (2006) established 
a linear relationship between shear stress and erosion rate using a rectangular flume, 
while this study was concentrating more on soil properties that can provide a reasonable 
estimate of erosion rate. Thus, this research establishes a relationship to estimate erosion 
rate without using flume experiments. The initial hypothesis of this research was the soil 
cohesion is the major parameter in controlling erosion rate of soil because the 
cohesiveness of soils vary with water content, the composition and the unit weight of the 
soil. 
1.2. SIGNIFICANCE OF RESEARCH 
Soil erosion caused by water and wind is a continuing problem throughout the 
world, threatening Earth's capacity to produce food, fiber, and renewable sources of 
energy for an ever-increasing population. Erosion, which occurs in many forms and as a 
result of several causes, has both physical and economic significance. There are many 
ways in which water erosion causes damage. The most apparent damage caused by water 
erosion is the removal of soil from eroding surface. Erosion from land covered with 
perennial vegetation amounts to only a fraction of a ton per acre while from bare, 
cultivated fields it may exceed 200 tons/ac. Water erosion can make sandy soils even 
sandier by moving its finest particles. Studies have shown that the United States is losing 
soil 1 0 times faster and China and India are losing soil 30 to 40 times faster than the 
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natural soil formation rate. Soil erosion costs in the United States about $37.6 billion each 
year in productivity losses. Damage from soil erosion worldwide is estimated to be $400 
billion per year. 
Stream bank erosion is a natural wearing away of the soil and rock that forms 
streambanks. This natural process has been accelerated by activities that increase water 
flow and velocity, including stream channelization and straightening, removal of 
streamside vegetation, and construction of impervious surfaces in the watershed. Stream 
bank erosion, a major source of sediment buildup in bodies of water, decreases the depth 
and holding capacities of lakes and reservoirs and reduces stream channel capacity, 
which increases the likelihood of flooding and additional streambank erosion. Direct 
damages from bank erosion include the loss of productive farmland, the undermining of 
structures such as bridges, and the washing out of lanes, roads, and fence rows. Sediment 
from soil erosion is a great pollutant of surface water. The muddying of streams and lakes 
reduces their value for home and industrial use, recreation, and aquatic habitat. Erosion 
also contaminates streams when fertilizers and pesticides are dissolved in runoff water or 
adsorbed by eroded soil. The remaining soil's quality, structure, stability, and texture can 
be affected by the loss of soil via erosion. Erosion also reduces the soil's ability to store 
water and support plant growth, thereby reducing its ability to support biodiversity. 
Design of an earthen canal also requires information about the erosion rate of soil to 
decide the maximum permissible velocity of flow through the channel. A quantitative 
measure of the erosion rate of a particular soil would be useful information in developing 
the best erosion control technique or BMPs for a given construction site. 
1.3. ORGANIZATION 
Section two of this thesis briefly explains various works of research performed on 
soil erosion and discusses soil's major physical and chemical properties that affect the 
erosion rate. Section three explains the methodology used for analyzing various soil 
properties and soil erosion. Section four describes the experimental results while Section 
five presents the analysis of these results. Section six includes major conclusions and 
suggestions for future research works. 
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2. LITERATURE REVIEW 
Considerable research has been conducted to analyze the erodibility of soils and 
the various factors affecting it. Studies on soil erosion have been carried out by 
researchers in various fields, including hydraulic engineers, geotechnical engineers, 
geologists, agricultural engineers, and soil scientists. The term erodibility is defined as 
the resistance of soil to erosion. Soils are generally classified as cohesive or non-cohesive 
soils. Erosion of non-cohesive soils is caused by gravity and is greatly affected by the 
weight and size of soil particles. In contrast to non-cohesive soils, the erosion of cohesive 
soils is related to the inter particle bonds. Previous studies were conducted at University 
of Missouri-Rolla by Dean (2004) and Krishnan (2006) to analyze the erosion rate of 
soils for varying shear stress values. Those works were performed from the hydraulic 
point of view. This research was directed at determining the amount of erosion that will 
occur in a stream as a function of shear stress exerted by flow of water over time. Among 
many factors that affecting the erodibility of a soil, physical and chemical properties can 
affect the erosion rate as a function of applied shear stress. 
Many hydraulic researchers have attempted to identify a relationship between 
shear stress and soil erosion rate. From a hydraulic point of view, shear stress is the most 
important parameter in determining the soil erosion rate. Non-cohesive, shear force is 
supplemented by the drag and lift forces on the individual particle. When the sum of all 
the three forces exceeds the gravitational and the interparticle frictional forces, erosion 
occurs. Most of the hydraulic research studies were conducted with specially designed 
flumes to obtain a relationship between erosion rate and shear stress. Studies with flumes 
have illustrated that soil properties also play an important factor in determining the 
resistance and erosion rate of cohesive soils. It will be very useful, practically, if the 
erosion rate of soil can be quantitatively determined by soil or hydraulic parameters or 
both. 
2.1. BACKGROUND 
2.1.1. Mechanical and Physical Properties of Soil which Affect Erosion. The 
studies conducted by hydraulic researchers were to analyze the erosion rate of soil at 
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different shear stress values or to determine critical shear stress, which is defined as the 
shear stress at which soil erosion begins. For a shear stress below the critical shear stress, 
the soil erosion is considered to be zero. The term critical shear stress is interpreted 
differently by different researchers, sometimes as the minimum shear stress at which the 
erosion begins or the shear stress at which the sudden increase in erosion occurs. 
Partheniades (1965) defined two types of erosion. Surface erosion takes place by the 
removal of clay particles and small clay clusters, whereas mass erosion takes place by the 
removal of relatively large pieces of soil. Lavelle and Mofjeld (1987) have reviewed in 
detail many of the research works to analyze the existence of critical shear stress in 
erosion. The term "threshold" was used by these authors to express the bed stress 
required to erode the particle. They suggested that there is no threshold shear stress as 
many flume experiments have reported erosion below threshold or critical shear stress 
values. It takes a long time for erosion to occur below the threshold because the erosion 
rate values are so small. Therefore, soil erosion is considered to be zero, i.e., at a critical 
shear stress below which the erosion is zero, though in fact there is some erosion below 
that critical or threshold value. 
Most of the studies showed the importance of soil properties for analyzing the 
erosion rate of soils. Moore and Masch (1962) suggested that the scour in cohesive 
sediment depends not only on the flow characteristics of the fluid, but also on the 
resistance or cohesiveness of the sediments. A series of vertical submerged jet tests were 
performed on remolded and natural samples to determine the relative scour resistance of 
various kinds of soils. The scour rate was measured from the weight loss of the sample 
and the critical shear stress measured was in the range of0.2 to 0.3 psf. The authors 
suggested a better understanding of the clay inter particle forces which constitute the true 
cohesion of soil as a useful approach for evaluating the scour resistance characteristics. 
Further research on determining erosion rate using variations in moisture content, 
density, particle size distribution, percentage, and type of clay, and void ratio were also 
suggested. 
Soil shear strength was found to be an important parameter in much of the 
research work. Dunn (1959) conducted tests on samples collected from Colorado, 
Nebraska, and Wyoming and he related the vane shear strength of the soil to the critical 
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tractive force, i.e., the force at which erosion of the cohesive sediment was considered to 
have started. A linear plot of critical shear stress versus the vane shear strength was 
obtained. The slope of the straight line obtained was related to the plasticity index, 
percentage silt and clay, and some statistical parameters describing mechanical properties 
of the soil such as the shear strength, cohesion, etc. Dunn didn't take density 
measurements for his analysis, although they comprise an important parameter in 
defining the shear strength of soil. The shear strength of undisturbed soils in saturated 
conditions is a valuable indicator of erosion resistance (Flaxman 1963). In Flaxman's 
laboratory experiments, the undisturbed samples collected from streams in six western 
states were used to measure the permeability, dry density and unconfined compressive 
strength. The samples were used to measure the particle size distribution and the 
plasticity. His observations supported the concept that soils oflow shear strength and 
high permeability are easily erodible and those of high shear strength and low 
permeability resists erosion. 
Partheniades and Paaswell (1970) suggested that the soil shear strength is not the 
only parameter used to define the erosion resistance of a soil. In his experiments 
Partheniades (1965) reported that soils with similar strengths displayed differing critical 
shear stress values and that the term critical shear stress itself has little meaning. 
Partheniades (1965) conducted an investigation on the erosion and deposition of fine 
cohesive sediments in an open flume with recirculating water at ocean salinity and 
constant depth. The main purpose of the research was to investigate the effect of shear 
stress, suspended cohesive sediment concentration, and shear strength of the bed material 
on erosion rate. Two types of bed were tested. The first was remolded soil at filed 
moisture and density conditions. The second bed was flocculated and deposited in the 
flume at very low flow velocity. The minimum velocity at which erosion was first 
observed was about the same for both beds. The minimum scouring shear stress was of 
the order ofO.OOl psf. Partheniades defined the basic unit of soil as "floes," which are 
relatively small clusters of densely packed clay particles. When shear stress is applied to 
floes, they go through four different states. During the initial state the freshly deposited 
floes join together to form a network of floc aggregates. In the second state, under a 
gradual consolidation process, the floc aggregates separate and move to stable positions. 
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As the consolidation continues, the bonds between the floes brake and move to a denser 
third state. In the fourth state, the space between the floes disappears and from that point 
the interparticle force decreases and starts to erode. Partheniades assumed that the 
interparticle force remains constant during these four states and, hence, that the erosion 
rate remains constant. An increase in erosion rate occurred after the fourth state. 
However, the assumption of constant interparticle attractive forces is claimed by others to 
be a potentially wrong assumption. Krone (1962) estimated the shear strength of the floes 
of same type of Silty Clay Partheniades used and found it to be about 0.0057 psf. This 
strength is close to the shear stress usually estimated to cause soil erosion. Thus, the 
strength of the floes was suggested to be a better representative of soil properties which 
control erosion than macroscopic shear strength of soil. For the low strength clays there 
was no correlation between shear strength and erodibility, while, for high strength clays 
erosion increased with an increase in shear strength. 
Beyond soil shear strength, various other soil properties have been found to affect 
the erodibility of soils. Kamphuis and Hall (1983) conducted experiments on cohesive 
sediments collected from the bed of the Mackenzie River in Norman Wells, Canada. The 
main objective of their study was to determine the onset of erosion for consolidated 
materials. The soil collected from the river bed mixed with water and slurry produced 
was consolidated in the range of 47.5 kPa- 950 kPa. The soil reached 95% consolidation, 
was cured, and uniformly graded silica sand was added to it to obtain samples with 
different clay content. Experiments were conducted on those samples using a 
unidirectional flume tunnel (capable of producing bed velocity up to 3.5 rnls) to 
determine only the critical shear stress and the critical velocity required to initiate the 
motion. Various other soil tests were also performed and those experiments revealed that 
the resistance to erosion increases with increase in strength of clay material, increase in 
consolidation pressure, and increase in plasticity index. 
A new technique to measure the erosivity of cohesive material was developed by 
Rohan et al. (1986) at the University ofSherbrooke, Quebec, Canada. The sides of the 
samples collected from the sites were trimmed to avoid the damage caused by tube 
sampling. The sample loading in the system was in a direction parallel to the flow 
direction. A hole was drilled through the sample in steps to ensure minimum disturbance 
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to the sample. Water flowed through the hole drilled in the sample and the eroded 
material was collected and weighed at specified intervals. The shear stress applied at each 
interval is also noted. The hydraulic aspect of the system works in a manner very similar 
to the system at University of Missouri-Rolla except for the sample loading technique. 
This particular system was used for studies of compacted clays that are highly cohesive 
and effectively worked for those samples. This type of drilled hole test for analyzing the 
erosion rate ofless cohesive soils would be impossible because the water flows through 
the hole drilled in the sample. Drilling the hole through the soil would disturb the sample 
and may cause more erosion. 
Research done using a modified rotating cylinder apparatus by Canadian 
researchers Chapuis et al. (1986) on intact clay showed that the sample preparation 
method had a marked influence on erosion tests. The experiments were conducted using 
remolded triaxially reconsolidated samples and the samples cut in a block. Remolded 
samples showed higher resistance to erosion than did the undisturbed samples. The 
samples prepared with different consolidation pressure were tested and found to follow 
the general trend that those samples prepared with higher consolidation pressures had 
more resistance to erosion and samples prepared with lower consolidation pressure had 
lower resistance to erosion. 
Macintyre et al. (1990) conducted research to estimate the rate of sediment 
entrainment for different shear stresses. The strength of the soil was related to the percent 
water content. An annular flume was used for these experiments and the samples 
collected from three sites were run using the annular flume. An annular flume is circular 
in shape with flows complicated by secondary motions caused by the curvature of the 
sidewalls. The bed of the flume is continuous. Disturbed soil samples collected from the 
sites were used to form stream beds by allowing a well mixed suspension of this soil to 
deposit or settle for 2 or 8 days. Water content of the samples deposited at 2 and 8 days 
were tested. Two types of experiments were conducted using the annular flume: a single 
stress test in which the applied shear stress remained constant throughout experiment and 
a multi-stress in which the shear stress was gradually increased from a low value to a 
high value until the entire sample is eroded. The samples deposited at 2 and 8 days were 
exposed to shear stresses 0.002 to 0.025 psf. The linear relation between the entrainment 
rate and erosion rate showed that the entrainment rate at 2 days deposition was 
considerably higher than that at 8 days. A power law fit was obtained to relate shear 
stress to the entrainment rate. The single stress experiment results were used to obtain a 
relation between shear stress and initial entrainment rate, while the multi-stress tests 
provided the relation between shear stress and hourly entrainment rate. The relationship 
obtained was in the form given below: 
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E=arn (2.1) 
where E is the entrainment rate and r is the shear stress applied. The values of n obtained 
were similar for the same percent water content and a was found to depend upon the 
particle size distribution in the streambed. Entrainment rate variability was observed for 
different biological and chemical conditions, but it was less than the variation observed 
with water content. A logarithmic increase in the entrainment rate for an increase in water 
content was observed by Fukuda et al. (1980). At fixed values of water content and shear 
stress, an increase in entrainment rate was observed with an increase in clay content. 
Nearing et al. (1991) conducted a series of experiments in a hydraulic flume with varying 
bed slope to investigate the relationship between soil detachment with flow depth, bed 
slope, and mean weight diameter of the aggregates with small, statically compressed 
samples of clay and loamy soil types. The results indicated that the logarithm of erosion 
rate was related to flow depth, slope, and mean weight diameter. Soil detachment was not 
a unique function of shear stress. However, because of the disturbance of the soil samples 
prepared by static compression, the difference of detachment rate was not great between 
the two different soil types tested, though their bulk densities and textures were very 
different. The shear strength of clay and loam was used to predict the soil detachment. 
Parker et al. (1995) conducted a laboratory investigation to study the effect of soil 
compaction and soil strength on the erodibility of Silty Sand soil. A static compression 
method was used to prepare the soil samples with bulk densities varying from 1.28-1.52 
Mg/m3. Soil shear strength was measured by a fall cone penetrometer. It was observed 
that various factors, such as entrapped soil air, initial water content, velocities near the 
bed and slope, and flow depth had a great effect on the erodibility of soils. Soil 
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detachment by air bubbling acted as a strong erosive agent when the experiments were 
performed using a sealed pan that holds the air entrained in the sample. In experiments 
done using a vented pan that allowed the air to escape through the bottom of the pan, the 
sediment concentration measured was lower than the sealed pan. The high erosion rate 
for low water content was hypothesized to be the effect of more air entrapment in the 
pores due to decrease in water content. The soil with higher water content, which has less 
pore space and less air entrapment, showed a lower erosion rate. Small changes in water 
content did not affect the sediment concentration. The results showed that erodibility 
increased with an increase in bulk density for samples with low bulk density and that for 
higher bulk densities the erodibility was lower. The formation of different bed forms was 
found to be a primary controlling factor at different bulk densities. A total of 142 
submerged jet tests showed that the most significant factor determining the soil erosion 
rate was bulk density (Wynn et al. 2006). Increase in bulk density resulted in decrease in 
soil erosion and increase in the critical shear stress. Soil texture and root density appeared 
to have significant impact on erodibility. 
The relationship between shear strength and erosion rate revealed the change in 
erosion rate with depth of soil. The decrease in erosion rate with the depth of streambed 
was observed by Parchure and Mehta (1985) and the experimental results explained that 
the shear strength of the soil increases with an increase in depth. An increase in depth 
also indicates a higher consolidation time for the sample at a depth. An increase in 
erosional strength of soil was observed to occur with the increase in bed age, which is 
caused by the effect of thixotropic hardening of the soil bed than the consolidation time 
(Zreik et al. 1998). Thixotropy is defined as an isothermal reversible, time dependent 
process occurring under conditions of constant composition and volume whereby 
material stiffens while at rest and softens or liquefies upon remolding or flowing. The 
effect of stratification was observed in experiments performed by McNeil et al. (1996) 
and evident variation in erosion rate was observed with depth. For most of the samples 
tested, the major factors affecting erosion were the presence of wood chips and other 
fibrous materials that tend to bind the material together and the presence of gas bubbles 
that rising through sediments which loosen or probably partially mix the sediments, 
thereby making the sediments more erodible. Some of the soil samples tested showed the 
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effects of compaction. These experiments were conducted by means of a Sedflume, 
which is a flume designed to produce very high velocity. More Sedflume experiments 
were done by J espen et al. ( 1997) and a relationship was established relating the erosion 
rate, shear stress, and the bulk density of the soils. The following equation was 
suggested: 
(2.2) 
where E is the erosion rate in cm/s, 1 is the shear stress in N/m2, p is the bulk density in 
g/cm3, and A, nand mare constants that depend on sediment type. Further experiments 
on finer and coarser particles showed that the erosion rate is a function of bulk density 
only for the finer particles, while it is independent of bulk density for coarser particles 
(Roberts et al. 1998). This indicated the effect of particles size on the erosion rate of 
soils. For a particular bulk density and shear stress, the erosion rate first increased, then 
reached a maximum, and then decreased for larger particles. For the smaller particles the 
rapid decrease in erosion rate that was observed was concluded to be the effect of 
cohesive forces. A new relationship was established for the larger particles, as follows: 
(2.3) 
where rc is the critical shear stress for the erosion of soil. 
A relationship between the water content and undrained shear strength for freshly 
deposited cohesive soils obtained by Zerik et al. (1997) follows: 
cu = 34w2 -152w+183 (2.4) 
where Cu is the untrained shear strength in Pascals and w is the water content in decimals. 
The equation obtained had a very high correlation coefficient of0.92. The shear strength 
of the soil was found to decrease with increases in water content. The variation in shear 
strength was also observed for constant water content by applying more effective stress. 
It was found that the strength increased with an increase in applied stress, but the 
variation in strength with effective stress was found to be small when compared to the 
variation with water content. 
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2.1.2. Chemical Properties of Soil Affecting Erosion. Even though most of the 
research performed considered the strength or physical properties of the soil, a few 
researchers concentrated on the effect of chemical factors in the erosion of cohesive soils. 
This research was also aimed at determining physical soil parameters that affect soil 
erosion. A few of the studies done on chemical properties are reviewed here, even though 
no chemical analysis is performed in this research. 
Research by Sargunam et al. ( 1973) showed that the erosion rate of soil depends 
on its pore fluid composition. Experiments were done on Yolo loam, in which 
montmorillonite is the principal clay mineral. While preparing the specimens for erosion 
tests, the pore fluid had been changed by adding NaCl, MgCb, and CaCh. A rotating 
cylinder apparatus was used to measure the applied shear stress on 3-in diameter 
specimens. The soil specimens were made uniform to get constant erosion rates for 
particular shear stress values. A linear relationship between shear stress and erosion rate 
was obtained. An immediate rise in erosion rate was observed for different pore fluid salt 
concentration. As the NaCl concentration increased, the critical shear stress also found 
increased. For the CaCb additive, the critical shear stress required was found to be almost 
twice that for NaCl. The lesser erosion rate of calcium soil was concluded to be the effect 
of stronger interparticle forces, which points to the shear strength of the soil. After 
conducting experiments with ionic concentrations in pore fluid, the experiments were 
continued with a changed the concentration of the eroding fluid (Arulanandan 197 5). 
Similar trends were obtained when the experiments were conducted with an ionic 
concentration in eroding fluid as in the experiments with pore fluid ionic concentrations. 
The pore water chemistry of soil is commonly characterized by a constant called the 
Sodium Adsorption ratio (SAR), which is used to determine interparticle attraction and is 
a measure of the relative abundance ofNa+ as compared to the other two most common 
ions, Ca ++and Mg ++. 
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Na+ 
SAR = ---r====== (2.5) 
According to these experiments, soils with low SAR values have higher 
interparticle attraction. Hence, they remain flocculated while soil particles having a high 
SAR repel each other and remain dispersed. Even though the results produced in these 
experiments seem reasonable, it would be more valid for soil erosion in estuaries and 
coastal areas where the soils contain more sodium. 
The effects of pH and natural organic matter on the erosion of cohesive sediments 
were investigated in an effort to relate the results to interparticle forces (Dennett et al. 
1999). Two types of sediments, kaolinite and sediment from the Calcasieu River in 
Louisiana, were studied. The critical shear stress of kaolinite was found to be higher than 
that of river sediment. The erosion rate of kaolinite increased more rapidly at higher shear 
stresses. Lower sediment pH conditions enhanced flocculation of kaolinite particles, 
which increased the cohesion and resistance to erosion, while higher pH values caused 
dispersion and higher erosion rates. 
The influence of clay and water content on the erosion resistance of unsaturated 
compacted sodium-montmorillonite clays was investigated by Sheikh et al. (1988 a). This 
research was done to determine the erosion rate of soil as a function of shear stress, 
considering the effect of clay content, water content, and soil shear strength. The Na-
montmorillonite clay was mixed with ground silica to obtain samples with varying clay 
content. The specimens for the experiments were prepared by pressing the sample in a 
container at 700 kPa pressure using a hydraulic press. Three samples were loaded into the 
recirculating flume at a time. Velocity profiles were measured to estimate the velocity at 
bottom of flume and the shear stress was calculated using that bottom velocity. The 
erosion rate was measured by weighing the eroded sample. A linear relationship was 
obtained between shear stress and erosion rate. The slope ofthe line was defined as the 
erosion rate coefficient. No appreciable change in erosion rate with water content was 
observed, but the erosion rate of soil increased with decreased clay content. The 
relationship between soil shear strength and the erosion rate was also analyzed. It was 
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found that the samples that exhibited higher vane shear strengths had lower erosion rates. 
The study also examined the effect of dispersive clay presence (Sheikh et al. 1988 b), 
which has a higher erodibility compared to nondispersive clays, according to Sherard et 
al. (1976). Tests identified theCa-Montmorillonite as a nondispersive clay and Na-
montmorillonite as a dispersive clay. This difference inCa and Na montmorillonite clays 
explains the investigation by Arualandan (1975), which relates erosion rate to SAR. 
Analysis was performed on the data points to obtain an empirical relationship between 
the SAR and the erosion rate coefficient and, thereby to obtain the soil's erosion rate. 
However, the attempt to relate the erosion rate to dispersion suggested the new 
phenomenon of slaking, the breakdown of soil aggregate upon immersion in water, as the 
factor responsible for the different erosional behavior ofNa and Ca-montmorillonite. The 
Ca-montmorillonite slaked when immersed in water, while the Na samples did not. No 
detailed explanation for the higher erosion rate ofNa samples were found in the paper. 
2.2 PREVIOUS RESEARCH AT UNIVERSITY OF MISSOURI-ROLLA 
Dean (2004) conducted research works on samples collected from Fee Fee and 
Fishpot CreekS in Manchester, Missouri, to investigate the relationships that link the 
stream erosion potential to the USCS soil classification. The experiments were performed 
using a tilting rectangular flume with a free surface flow. A linear relationship between 
the shear stress and erosion rate of the soil types tested was obtained. The results were 
analyzed using soil properties, the Liquid Limit, the Plastic Limit, and water content to 
find a relationship among any of the soil parameters. This research supported the 
existence of a relationship between soil erosion and the soil parameters and between 
Liquid Limit and water content but the number of data points obtained for each soil type 
in the flume experiment was not enough to draw a conclusive result. 
The research was continued with a modified rectangular flume that can produce 
very high shear stress values (Krishnan, 2006). Soil samples were collected from three 
major watersheds: the Mississippi, Missouri, and Meramec watersheds in St.Louis, 
Missouri. These three major watersheds are shown in Figure 2.1. All soil types along the 
stream banks were analyzed using the NRCS Soil Survey Map and the most commonly 
found soil types (20B, 32, and 33) were selected. The percentage composition of sand, 
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silt, and clay in these three soil types are presented in Table 2.1. The samples were 
collected in a Shelby tube and the experiments were performed using a rectangular flume. 
The main objective of this study was to determine the soil erosion rates based on soil 
type. Analysis of flume experiment results obtained for the same soil types collected from 
different locations showed similar erosion rates. Soil types 32 and 33 had similar 
compositions and the results obtained indicated similar erosion rates. 
The critical shear stress, the shear stress at which soil erosion begins, obtained for 
Soils 20B, 32, and 33 were 0.086, 0.069 and 0.072 psf, respectively. Soil 20B showed a 
higher resistance compared to Soil types 32 and 33 and had the highest critical shear 
stress value. A higher critical shear stress for 20B was expected because 20B had the 
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Figure 2.1. Major Watersheds in the Saint Louis Area 
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Table 2.1. Properties of Selected Soil Types from NRCS Soil Survey Map 
20B- 32- 33-
Soil Type 
Fish pot series Haymond series Wilbur series 
Depth (in) 0-47 47-60 0-5 5-60 0-6 6-60 
Sand 24.8% 23.5% 14% 14.2% 14.2% 14.2% 
Silt 52.7% 50% 71% 71.8% 71.8% 71.8% 
Clay 22.5% 26.5% 15% 14% 14% 14% 
A later analysis of these results showed that the linear regression obtained for Soil 
20B has a higher slope than Soils 32 and 33. Equations of linear fit obtained for the three 





E = 37.69 r- 2. 78 




The slope of the linear fit obtained for Soil20B is 58.30 while it is 37.69 for type 
32 and 30.19 for type 33. The higher slope of20B indicates that the erosion rate of Soil 
20B is higher than that of Soils 32 and 33. Hence, it is clear that the critical shear stress 
values alone are not enough to predict the erosion trend for each soil. A detailed analysis 
of water content, soil composition, and organic content of the soil samples used in the 
previous research work showed that the soil composition given in the NRCS Soil Survey 
Map does not match results obtained in the laboratory analysis. The variation in results 
may be due to the variation in soil properties. 
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3. METHODOLOGY 
The methodology used in this research is classified into two major parts. The first 
part explains the two types of samples, prepared samples and natural samples, used in this 
research. The second part discusses the various experimental procedures performed in 
this study. 
3.1 SAMPLE PREPARATION AND CORE COLLECTION 
The soil samples used in this research include both prepared samples and 
relatively undisturbed natural samples collected from the three major watersheds in St. 
Louis, Missouri. 
3.1.1. Sample Preparation. The purpose of this research was to analyze the 
major soil parameter( s) that affect the erosion rate of soils. Before testing the undisturbed 
samples collected from the field, soil samples were prepared in the laboratory by mixing 
sand, silt, and clay in different compositions. The sand used was fine sand that passed 
through U.S. Standard Sieve No. 40. The silt and clay were collected from the UMR 
Geotechnical Laboratory. Both silt and clay are soil passing through U. S. Standard Sieve 
No. 200. Silt is a fine-grained soil with a plasticity index of less than 4 and clay has a 
plasticity index equal to or greater than 4. The dry sand, silt, and clay were mixed 
thoroughly to get a uniform mixture, then water was added, first using a sprinkler and 
then by pouring. The soil mixture prepared was then compacted in Shelby tubes of 76.2 
mm diameter using an ASTM compactor. The samples were compacted by placing equal 
amount of the well mixed soil composition in each layer. Four layers of about 1.5 in 
thickness were compacted in each Shelby tube to obtain approximately 6 in long samples. 
Extreme care was taken during the compaction process to ensure that the samples were 
uniformly compacted. 
The three different soil types prepared for this research work were named Soil A, 
Soil B, and Soil C. Soil A was 57.8% sand, 32.5% silt, and 9.7% clay. Soil B was 45% 
sand, 35% silt, and 20% clay. Soil C was 35% sand, 35% silt, and 30% clay. Each of 
these soils, A, B, and C, were again subdivided based on their compaction levels. 
Different compaction levels were achieved by changing the number of blows during the 
sample preparation process. The four different compaction levels of Soil A were named 
A1, A2, A3 and A4. The water content was kept almost constant for these soil types. 
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The Soil A was also used to prepare samples of varying water content and 
approximately the same unit weight. The samples prepared with a variation in water 
content were named Soil A5, A6, A 7 and A8. Due to the limitations of the sample 
preparation process, a higher water content variation could not be obtained. As the 
samples were manually compacted in the Shelby Tube, it was difficult to obtain a 
uniform compaction at higher water contents because the soil sticks to the inside of 
compactor. Hence, Soils B and C were used to prepare samples with different compaction 
levels only. The naming conventions used for different sample sets at different 
compaction levels are given in Table 3.1. 
Table 3.1. Naming Convention of Laboratory Samples 
Soil Type Compaction Compaction Compaction Compaction 
Level 1 Level 2 Level 3 Level4 
A A1 A2 A3 A4 
B B1 82 B3 B4 
c C1 C2 C3 C4 
A minimum of four Shelby tube specimens were prepared for each soil type at a 
particular compaction level. The soil sample extruded from a single Shelby tube was used 
for analyzing some of the major soil properties such as water content, unit weight, and 
soil cohesion. The remaining Shelby tube samples were used in the flume experiment to 
analyze erosion rates. 
3.1.2. Natural Sample Collection. The natural samples used for this experiment 
were same as the soils used for the previous research work at UMR (Krishnan, 2006) and 
these soil samples were collected from the streambanks of the Mississippi, Missouri, and 
Meramec watersheds, in St.Louis, Missouri. Figure 2.1 in the previous section shows 
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these watersheds. All the water from these three watersheds drains in to the Mississippi 
River. During the previous research, different soil types along tributaries in this 
watershed from the Missouri Cooperative Soil Survey web site hosted by the Center for 
Agricultural, Resource, and Environmental Systems were studied and the entire length of 
each creek was analyzed to find the different soil types present along the streambanks. 
The three most commonly found soil types were selected for study and were collected 
from the streambank. The soil types selected, 208, 32, and 33 , were collected from 12 
different locations. The soil composition of each of these soil types as given in the NRCS 
Soil Survey Map are presented in Table 2.1 in Section 2.2.The locations ofthe soil types 
were verified by checking the coordinates using a GarminV GPS. The sample collection 
locations for each of these soil types along with geographic coordinates are given in 
Appendix A. A detailed explanation of the watersheds can be found in the study by 
Krishnan (2006). The samples were collected according to the ASTM (D 1587 - 00) 
standard practice for thin walled tube sampling. The Shelby tube was driven 
perpendicular to the streambank to the entire tube length (1 0 in) using the Shelby tube 
Header shown in Figure 3 .1. 
Figure 3 .1. Shelby Tube Header 
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Collecting samples by using this method ensures minimum disturbance to the soil. 
The collected samples were sealed and stored in the moisture room at the UMR Materials 
Laboratory until the experiments were conducted. The loose soil samples were collected 
from the field in Ziploc bags for soil analysis and were stored in the moisture room until 
they were tested. 
3.2 EXPERIMENTAL PROCEDURE 
The experiment methodology includes the analysis of the erosion rate of the soil 
as well as the experiments performed to analyze various physical, mechanical, and 
engineering soil properties. 
3.2.1. Soil Analysis. The soil experiments conducted in this research utilized 
ASTM standard testing methods to determine some of the physical properties of soil, 
such as percentage composition of clay, sand, and silt, percentage water content, wet and 
dry unit weight, and percentage organic matter. The mechanical property determined was 
the soil cohesion using the Direct Shear Test. Engineering properties were analyzed 
through the Atterberg Limit Test. Tables 4.1, 4.15, and 4.20 in Section 4 give the results 
obtained for the prepared samples and the natural samples. 
3.2.1.1 Sieve analysis (ASTM D 2217-85) and hydrometer analysis (ASTM D 
422-63). Wet Sieve analysis and Hydrometer Analysis were performed in order to 
determine the percentage composition of sand, silt, and clay in the natural samples, but, 
the prepared sample did not require these tests because the samples were prepared with a 
predetermined composition of sand, silt, and clay. The natural soil samples were soaked 
in water before the experiment and were washed through sieves No. 4, 10, 20, 40, and 
200. The residue in each sieve was first air dried and then cleanly removed and collected 
in a container for oven drying. The oven dried sample was weighed to determine the 
percentage of sand and gravel. The sample passing through the No. 200 sieve was air 
dried and a hydrometer analysis was performed to determine the percentage silt and clay 
in the soil. 
3.2.1.2 Water content test (ASTM D 2216-90). The percentage water content of 
natural and prepared specimens was determined with samples extruded from the Shelby 
tube. Samples were extruded by means of the hydraulic press shown in Figure 3.2. 
Figure 3.2. Extruding the Sample Using a Hydraulic Press at the UMR Geotechnical 
Laboratory 
To determine the soil's water content, samples were weighed before and after 
oven drying. Three or four samples of each soil type were tested. The percentage water 






where w is the percentage water content, Ww is the weight of water, and Wd is the weight 
of the dry soil sample. 
3.2.1.3 Unit weight test (ASTM D 4254-91). The unit weights of the natural and 
prepared specimens were measured by weighing the specimens just before the Direct 
Shear tests. The specimens used for the Direct Shear tests were of standard size (diameter 
63.5 mm and height 32 mm) to determine volume of the specimen. The wet and dry unit 




where Yw is the wet unit weight of the soil, Yd is the dry unit weight of the soil, Wis the 
weight of the specimen, w is the percentage water content, and Vis the volume of 
specimen. 
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3.2.1.4 Organic content test (ASTM D 2974-87). The organic content of the soil 
sample was determined by igniting the oven-dried sample from the water content test in a 
muffle furnace, which produces high temperatures. The samples were placed in the 
furnace in a porcelain dish and the temperature was gradually brought up to 750°C. The 
temperature was held for 12 hours and then gradually brought down to the room 
temperature. The organic matter was determined by weighing the sample before oven 
drying and after ignition. The organic content determination was done only for natural 
samples collected in the field. 
w 
%organic matter = ~ xlOO 
WA 
(3.4) 
where Ws is the weight before oven drying and WA is the weight after oven drying and 
after ignition. 
3.2.1.5 Atterberg limit test (ASTM D 4318-05). The Atterberg Limit test was 
performed on both the natural soil samples and the prepared soil samples. The 
engineering index properties, liquid limit (LL), plastic limit (PL), and the plasticity index 
(PI) of the air dried natural soil samples collected from each location were determined. 
Each different composition of prepared soils, A, B, and C were also tested to determine 
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these engineering index properties. The determination of the LL and PL was helpful in 
the preparation of soil samples and gave a better notion of soil behavior within that range 
of water content. The water content added to the prepared samples was always 
maintained in this range. The air dried sample passed through the No. 40 sieve was used 
for the determination of Atterberg Limits. The liquid limit was determined by performing 
trials in which a portion of the specimen was spread in a brass cup, divided into two by a 
grooving tool, and then allowed to flow together from the shocks caused by repeatedly 
dropping the cup in a standard mechanical device. Three or more trials over a range of 
water contents were performed and the water content along y-axis and number of drops 
along x-axis were plotted to determine the water content corresponding to 25 drops, 
which is the liquid limit of the soil. The plastic limit was determined by alternately 
pressing and rolling the soil into 118 in diameter thread until the water content was 
reduced to the point at which the thread crumbles and can no longer be pressed together 
andre-rolled. The water content of the soil at that point is the plastic limit. Plasticity 
index of the soil is determined as follows: 
PI=LL-PL (3.5) 
3.2.1.6 Direct shear test (ASTM D 3080-90). The Direct Shear test was used to 
measure the soil cohesion, c. The Direct Shear Apparatus by the Geotechnical Consulting 
and Testing Systems (GCTS)Direct Shear Apparatus in the Geotechnical Laboratory of 
UMR was used for this analysis. In the direct shear test, the sample was loaded into the 
direct shear box and was then subjected to axial and lateral stresses. The axial load was 
applied by means of a normal actuator, and the lateral (shear) stress was applied by 
means of a shear actuator as shown in Figure 3.3. 
The shear stress required to displace the soil by 20 mm for an applied normal 
stress was obtained. The shear strength was determined when the displacement continued 
with no additional shear stress. A minimum of three different normal stresses were 
applied to a single soil type at a constant compaction level. 








A graph was plotted with the normal stress applied along the x-axis and shear 
strength of soil along they-axis. From a linear fit of the data points plotted, the cohesion 
of soil specimens was obtained. The linear fit obtained is expressed as: 
where, 
lmax = c + CJ tan Cf> 
lmax = Shear Strength (kPa) 
c = Cohesion (kPa) 
tJ = Normal Stress (kPa) 
C/J = Friction Angle 
(3.6) 
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The y -intercept, c, of the straight line represented by Equation 3.6 gives the soil 
cohesion and the slope of the line tan C/J gives the friction angle. The experiments were 
repeated to measure the cohesion of natural soil and each soil type was prepared at a 
different compaction level, Alto A4, Bl to B4, and Cl to C4. Soil A, which was 
prepared with different water contents, A5 to A8, was also tested to determine cohesion. 
3.2.2. Erosion Measurement with Flume. The erosion rate measurement using a 
flume includes a detailed explanation ofthe flume at the UMR Hydraulics Laboratory, 
the theoretical aspects of the flume, and the erosion rate analysis. 
3.2.2.1 Working of rectangular flume. The erosion tests were conducted in a 
rectangular, recirculating flume. The flume is 20ft. long, 11 inches wide, and 1 inch deep 
and is capable of producing very high velocities and shear stresses. The flume receives 
water from the laboratory main line looped through a 6 in diameter circular pipe. A valve 
is connected at the downstream end, to control the flow by applying back pressure on the 
system. The sample in the Shelby tube was introduced to the flow through a circular hole 
at the bottom of the flume. The circular opening has the same diameter as the Shelby tube 
and is located approximately one meter from the downstream end. The flume is designed 
in such a way that the flow becomes fully developed when it hits the sample. The tube 
was held in place perpendicular to the bottom of the flume by metal plates and four posts 
anchored to bottom of the flume, and thus making it water tight. The sample is pushed up 
by means of a piston until it is flush with the bottom of the flume and thereby exposes the 
sample to the flow. The movement of the piston is controlled by four optic sensors, 
equally spaced around the circular opening, installed in the bottom of flume. 
When the sample remains flush at the bottom of the flume, the sensors are 
blocked and piston movement is prevented. As the soil sample erodes the optical sensors 
get exposed and when the light falling on them reaches a certain threshold value the 
piston moves up, pushing the soil sample until the sensors are again blocked. This 
process keeps the surface of the soil sample relatively flush with the bottom of the flume. 
A schematic of the flume is shown in Figure 3.4. 
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Figure 3.4. Schematic of the Flume at UMR Hydraulics Laboratory (Prepared by William 
Otero Benitez) 
The speed at which the piston pushes the soil sample depends on the rate of 
erosion. The position ofthe soil sample, i.e., the position of the piston, was recorded at 
preset time intervals by the Lab View program. An ultrasonic flow meter device, 
Panametrics, T878 is used to determine the velocity in the pipe. About one inch of soil 
sample is tested for a particular shear stress. When one inch is eroded, the shear stress 
applied on the soil sample was changed by changing the flow rate. Whenever the flow 
rates are changed, flow is allowed to stabilize before recording the measurements. The 
photograph of the flume shown in Figure 3.5 shows the flume, flume inlet, flow meter 
and the back pressure valve. 
Back Pressu e 
Valve at Flume 
Outlet 
Figure 3.5. Photograph of the Flume at UMR Hydraulics Laboratory 
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3.2.2.2 Hydraulic aspects. The hydraulic aspect of the flume given in the 
previous research by Krishnan (2006) is as follows. Considering one dimensional, steady, 
incompressible flow through a control volume (Figure 3.6) of length ~L, and wetted 
perimeter P w and applying the principle of conservation of linear momentum to the 
contents of control volume produces 
p.A (p-~p).A 
Figure 3.6. Forces Acting on the Control Volume 
'i.F: =~ fv pd¥-+ fv pv.ildA 
ot CV CS 
where ~Fx =Net force acting on the material in the control volume, 
~ Jv pdV-= Rate of momentum change inside the control volume, and 
at cv 
(3.7) 
J Vpv.ndA =Net rate at which momentum flows in and out of control volume. 
C.";' 
Adding up all the forces acting on the control volume in Figure 3.6. gives 
LFX = (p- 11p )A+ r.Pw .M- pA 
where p= pressure at section (1) and 
(p-~p) =pressure at section (2). 
(3.8) 
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In Equation 3.7, :t Jv pelV-is zero because flow is steady. Jv pv.ndA also becomes zero 
~ ~ 
as the momentum entering and leaving the control volume are equal. 
Hence, Equation 3.8 reduces to: 
(p-!1p)A+r.Pw.M- pA=O 
pA = (p -11p )A+ r.Pw.M 
11p.A- r-.Pw.I1L = 0 
!J.p = !J.L.(~).(~) 
r A r 
Applying the energy equation between points (1) and (2) in Figure 3.6, 
v? V 2 P1 +-~-+z = P2 +-2-+ z + H 
r 2g I r 2g 2 [, 
where, HL is the head loss between section (1) and (2). 
Since there is no change in velocity and elevation head, Equation 3.1 0 reduces to 
H = 11p 
/, 
r 
According to the Darcy-Weisbach equation, the head loss, HL, is given by 
M v2 
HI =f.(-).(-) 
where, f = friction factor 
D =Diameter 
J D 2g 
V = Flow velocity 





For non-circular sections, the diameter is substituted with the hydraulic diameter, 
4A 
Dh =4Rh =-p 
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Then, (3.13) 
Equating equations (3.9) and (3.13), 
r v2 
r=f.-.-
g 8 (3.14) 
The friction factor 'f value can be obtained by using the Swamee and Jain Equation 
(White 1979) 
f = 0.25 2 
[ 1 [ 
ks 5.74 ]J ogw +--
3.7 Deff Reeff 
(3.15) 
where 
VDeff Reeff = --· is the effective Reynolds number for the non-circular duct 
.. v 
De.ff =effective hydraulic diameter for non-circular duct 
ks = roughness height 
This equation predicts friction factor/for 4x103 < Re < 108 and 10-5<Ks/D<2x10-2 with 
less than 3% difference from the values in Moody diagram. 
3.2.2.3 Erosion rate analysis. In this experiment's setup, the erosion rates were 
determined using the Lab View program, which records the position of the piston at fixed 
time intervals. Approximately one inch of a soil sample was tested for a particular flow 
rate. For each inch of the sample, a set of readings was recorded in the Lab View 
program. The first reading denotes the initial position of the piston and the final reading 
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gives the final position of the piston. The difference between the initial and final readings 
gives the displacement of the piston which is equal to the depth of the sample eroded at a 
particular velocity. An estimate of time taken to erode a certain depth of soil sample is 
determined from the total number of readings in Lab View program, which records the 
position of the piston in every 10 seconds. A sample set of readings obtained from 
Lab View program is given in Appendix B. The erosion rate in inches per hour can be 
estimated using Equation 3.16. 
where 
E =(Dr DJ * 36001 (10* N) 
E = Erosion rate (in/hr) 
D1 = Final piston postion (in) 
Di = Initial piston position (in) 
N = Number of readings 
(3.16) 
Ten is the frequency of the recorded measurements in seconds and 3600 is the 
conversion from second to hours. 
The shear stress was calculated using Equation 3.14. From the flume experiment 
data, a graph was plotted with shear stress along the x-axis and erosion rate along the y-
axis. Regression analysis was performed to generate a best fit of the data. 
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4. RESULTS 
This section describes the results obtained for the soil analysis and the flume 
experiments. The experiments were performed using natural samples collected from nine 
different locations in St. Louis, Missouri, and three different soil types prepared in the 
laboratory. 
4.1. PREPARED SAMPLES 
4.1.1. Soil Type A. Soil A was prepared by mixing 58% sand, 32% silt, and 10% 
clay. During the first stage of the experiment, four different sets of samples were 
prepared using Soil A. The water content in the first set was 14% and it was mixed very 
well to make the soil as homogenous as possible. This soil was then compacted in 
different Shelby tubes at a constant compaction level. This first compaction level of soil 
types was called A1. A minimum of four Shelby Tube specimens was prepared for Soil 
AI. A sample from a single Shelby tube was used for the soil analysis. The wet unit 
weight obtained for Soil A1 was 1.68 g/cm3 and the dry unit weight was 1.4 7 g/cm3. The 
Direct Shear tests were performed on three samples of 3.2 em depth of Soil A 1 at normal 
stresses 150 kPa, 200 kPa and 300 kPa, respectively. The GCTS direct shear apparatus 
produces a graph of shear stress required to push the sample along the y-axis and the 
shear displacement up to 20 mm along the x-axis. The graph obtained for soil A 1 is 
shown in Figures 4.1, 4.2, and 4.3. In Figure 4.1, the shear stress reaches a peak value at 
about 6 mm shear displacement, after which the variation in shear stress is very small. 
Hence, an average of the shear stress values from 6 mm shear displacement to 20 mm 
was taken as the maximum shear stress required to shear the sample by 20 mm 
displacement. 
The average maximum shear stress, t max' was plotted against the normal stress 
applied, a, to obtain the soil cohesion. The maximum shear stress obtained for the normal 
stresses of 150, 200, and 300 kPa were 66, 90, and 118 kPa, respectively. A graph plotted 
with these normal stresses against the shear stresses along with the linear fit obtained is 
shown in Figure 4.4. They-intercept of linear fit gives the soil cohesion, c, and which 
was 18 kPa for Soil Al. 
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Figure 4.2. Shear Stress vs. Shear Displacement Plot for Soil A 1 at 200kPa Normal Stress 
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Figure 4.4. Shear Stress vs. Normal Stress Plot for Soil A 1 
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The first stage of the experiment was performed using samples A 1, A2, A3, and 
A4. Except in Soil A2, the water content was almost constant, approximately 14%. The 
samples were prepared by varying the water content. Four new sets of samples were 
prepared using Soil A. The idea was to keep the unit weight constant and to vary the 
water content. The new samples prepared were named AS, A6, A7, and A8. The wet unit 
weight for AS, A6, and A7 were similar, but it was lower for Soil A8. Due to the 
limitations of the sample preparation method, it was difficult to obtain higher differences 
in the percentage water content, as in natural samples. The summary of the properties 
obtained for different soil types are given in Table 4.1. The graph plotted to obtain the 
soil cohesion for each soil type is given in Appendix I. 
Table 4.1. Summary of Soil Experiment Results Obtained for Soil Type A 
Soil T)!Q_e A - Sand - 58% ; Silt - 32%; Clay - 10% 
Unit weight Water Cohesion 
Soil Content 
Type Wet Dry Wet Dry % kPa lb/ft2 (g/cm3) (g/cm3) (lb/ft3) (lb/ft3) 
AI 1.68 1.47 104.88 91.77 14.46 13.89 290.16 
A2 2.09 1.78 130.48 111.13 17.01 10.14 211.84 
A3 1.99 1.75 124.24 109.25 14.07 19.88 415.19 
A4 2.11 1.84 131.73 114.87 14.27 21.44 447.71 
AS 2.14 1.86 133.60 116.12 15.15 18.78 392.22 
A6 2.11 1.84 131.73 114.87 14.33 23.38 488.31 
A7 2.06 1.82 128.61 113.62 12.58 31.48 657.44 
A8 1.96 1.74 122.36 108.63 12.69 35.47 740.77 
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Three samples prepared in the Shelby tube at the first compaction level of A 1 
were used for the flume experiments. Among the three samples tested, two samples gave 
similar results while one sample failed to produce good results. During the first sample 
test, the sensor in the flume was not working, so the erosion showed an irregular pattern. 
The experiments were continued after fixing the problem. Similarly, the other 
compaction levels and the samples with different water contents were tested in the flume. 
The velocity of flow was measured using a flow meter at the round sections on the 
flume's entrance. By applying the continuity equation, the velocity at the rectangular 
section was calculated. Shear stress applied to the sample was calculated using Equation 
3 .14. The readings obtained from the Lab View program gave the depth of sample moved 
for each shear stress value. Because each recorded value is an increment of time, the total 
numbers of readings gave the time taken to move the sample at a particular shear stress 
value. The erosion rate was calculated using the Lab View readings and the total number 
of readings, N, recorded. The results obtained from the flume experiments for Soils A 1 
to A4 are given in Tables 4.2, 4.3, 4.4, and 4.5 below. Figure 4.5 shows the scattered data 
plot obtained for Soils A1, A2, A3, and A4. 
Table 4.2. Shear Stress and Erosion Rate Results for Soil A 1 
Flume Shear Initial Final 
Sample Velocity stress Reading Reading N Erosion rate 
(ft!s) (psf) (in) (in) (in/hr) 
Soil A1-1#2 1.46 0.01 5.14 5.28 184 0.29 
Soil A1-1#3 1.92 0.02 5.28 5.63 148 0.83 
Soil A1-1#4 1.68 0.02 5.66 5.92 180 0.53 
Soil A1-1#5 2.26 0.03 5.92 6.27 171 0.75 
Soil A1-1#7 5.19 0.13 6.52 7.26 12 22.24 
Soil A1-1#8 4.34 0.09 7.26 7.72 8 20.74 
Soil A1-2#1 0.93 0.01 5.89 5.89 368 0.00 
Soil A1-2#2 1.73 0.02 5.89 6.16 183 0.53 
Soil A1-2#3 2.32 0.03 6.16 6.58 28 5.41 
Soil Al-2#4 2.85 0.04 6.62 7.06 24 6.48 
Soil Al-2#5 3.73 0.07 7.07 7.56 16 11.44 
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Soil A2 had a higher compaction level than Soil AI. The wet unit weight obtained 
was 2.09 g/cm3 and the dry unit weight was 1. 78 g/cm3. The water content in Soil A2 was 
measured to be 17 %. The sample was prepared in a Shelby tube by compaction while the 
number of blows was increased to get a higher unit weight for the new sample. Three 
samples of Soil A2 were tested in the flume and all three gave acceptable results. 
Table 4.3. Shear Stress and Erosion Rate Results for Soil A2 
Flume Shear Initial Final 
Sample Velocity Stress Reading Reading N Erosion Rate 
(ft/s) (psf) (in) (in) (in/hr) 
Soil A2-1#1 1.22 0.01 1.46 1.46 270 0.00 
Soil A2-1#2 1.62 0.02 1.47 1.47 233 0.00 
Soil A2-1#3 2.29 0.03 1.47 2.06 293 0.73 
Soil A2-1#4 2.58 0.04 2.06 2.41 402 0.31 
Soil A2-1#6 3.46 0.07 2.61 3.79 193 2.20 
Soil A2-1#7 4.12 0.09 3.98 4.96 189 1.88 
Soil A2-1#8 4.44 0.10 5.02 6.13 139 2.88 
Soil A2-1#9 5.30 0.14 6.29 7.55 76 5.99 
Soil A2-2#1 1.25 0.01 0.96 0.96 312 0.00 
Soil A2-2#2 1.65 0.02 0.96 0.96 343 0.01 
Soil A2-2#3 2.18 0.03 0.96 0.97 13 0.03 
Soil A2-2#4 2.85 0.05 0.96 0.98 179 0.04 
Soil A2-2#5 3.51 0.07 1.14 2.33 187 2.29 
Soil A2-2#6 4.07 0.09 2.40 3.38 241 1.47 
Soil A2-2#7 4.50 0.10 3.48 5.94 165 5.39 
Soil A2-2#8 4.92 0.12 6.02 6.74 59 4.39 
Soil A2-2#9 5.67 0.16 6.95 8.28 56 8.51 
Soil A2-3#1 1.38 0.01 3.12 3.26 90 0.56 
Soil A2-3#2 2.39 0.03 3.63 4.20 188 1.09 
Soil A2-3#3 2.98 0.05 4.30 5.34 166 2.25 
Soil A2-3#4 3.86 0.08 5.34 6.44 118 3.36 
Soil A2-3#5 4.87 0.12 6.67 7.56 89 3.61 
38 
Soil A3 was prepared with 14% water and was compacted to obtain a wet unit 
weight of 1. 99 g/cm3 and dry unit weight of 1. 7 5 g/cm3 . The cohesion of this soil was 
found to be greater than that of Soil A2, which had a higher wet and dry unit weight than 
Soil A3. The fact that the water content of A2 was greater than the water content of A3 
may explain the lower cohesion of Soil A2. 
Table 4.4. Shear Stress and Erosion Rate Results for Soil A3 
Flume Shear Initial Final 
Sample Velocity Stress Reading Reading N Erosion Rate 
(ft!s) (psf) (in) (in) (in/hr) 
Soil A3-1#1 1.30 0.01 1.41 1.49 426 0.07 
Soil A3-1#2 1.68 0.02 1.90 1.93 340 0.04 
Soil A3-1#3 2.24 0.03 1.95 1.97 399 0.02 
Soil A3-1#4 3.03 0.05 2.80 3.14 184 0.66 
Soil A3-1#5 2.77 0.04 3.21 3.33 214 0.20 
Soil A3-1#6 3.73 0.07 3.88 4.78 88 3.68 
Soil A3-1#8 5.40 0.14 5.85 6.83 36 9.73 
Soil A3-2#1 1.01 0.01 2.30 2.30 402 0.00 
Soil A3-2#2 1.44 0.01 2.30 2.30 346 0.00 
Soil A3-2#3 2.10 0.03 2.30 2.30 326 0.00 
Soil A3-2#4 3.41 0.06 2.67 3.53 119 2.61 
Soil A3-2#5 2.61 0.04 3.58 3.73 243 0.22 
Soil A3-2#6 5.19 0.13 3.79 5.18 75 6.64 
Soil A3-2#8 4.60 0.11 6.17 6.79 54 4.13 
Soil A3-3#1 1.52 0.02 1.22 1.22 395 0.00 
Soil A3-3#2 1.92 0.02 1.22 1.22 238 0.00 
Soil A3-3#3 2.79 0.04 1.22 1.22 248 0.00 
Soil A3-3#4 3.30 0.06 1.22 1.79 185 1.12 
Soil A3-3#5 3.75 0.08 1.82 2.29 158 1.07 
Soil A3-3#6 4.79 0.12 2.35 3.02 116 2.09 
Soil A3-3#7 5.40 0.14 3.16 4.24 108 3.58 
Soil A3-4#1 1.76 0.02 0.78 0.78 335 0.00 
Soil A3-4#2 2.61 0.04 0.78 0.78 279 0.00 
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Table 4.4. Shear Stress and Erosion Rate Results for Soil A3 (Cont.) 
Soil A3-4#3 3.54 0.07 0.78 0.79 381 0.00 
Soil A3-4#4 4.98 0.12 0.89 1.58 61 4.10 
Soil A3-4#5 4.44 0.10 1.68 2.06 144 0.96 
Soil A3-4#6 5.27 0.14 2.18 3.08 92 3.52 
Soil A3-4#7 5.93 0.17 3.24 4.60 120 4.08 
Table 4.5. Shear Stress and Erosion Rate Results for Soil A4 
Flume Shear Initial Final 
Sample Velocity Stress Reading Reading N Erosion Rate 
(ft/s) (psf) (in) (in) (inlhr) 
Soil A4-1#2 2.82 0.05 2.67 3.31 517 0.45 
Soil A4-1#3 3.62 0.07 3.42 4.31 362 0.88 
Soil A4-1#4 4.02 0.09 4.44 4.85 178 0.82 
Soil A4-1#5 4.82 0.12 4.93 5.39 117 1.42 
Soil A4-1#6 5.38 0.14 5.48 5.93 110 1.49 
Soil A4-1#7 5.96 0.17 5.99 6.42 80 1.96 
Soil A4-1#8 6.20 0.18 6.54 7.23 74 3.34 
Soil A4-2#1 1.81 0.02 0.78 0.78 267 0.00 
Soil A4-2#2 3.01 0.05 0.93 0.93 251 0.00 
Soil A4-2#3 4.18 0.09 0.93 1.72 275 1.03 
Soil A4-2#4 3.35 0.06 1.75 2.75 274 1.32 
Soil A4-2#5 4.63 0.11 2.86 3.35 124 1.41 
Soil A4-2#6 5.22 0.14 3.52 4.71 127 3.37 
Soil A4-2#7 5.91 0.17 4.84 5.41 71 2.87 
Soil A4-2#8 6.23 0.19 5.56 7.10 100 5.51 
Soil A4-3#1 2.32 0.03 0.48 0.48 313 0.00 
Soil A4-3#2 3.11 0.05 0.48 0.48 256 0.00 
Soil A4-3#3 4.12 0.09 0.52 1.33 277 1.04 
Soil A4-3#4 3.46 0.07 1.46 2.11 272 0.86 
Soil A4-3#5 4.87 0.12 2.27 3.02 138 1.94 
Soil A4-3#6 5.77 0.16 3.20 4.06 85 3.63 
Soil A4-3#7 6.28 0.19 4.18 4.85 64 3.78 
I Soil A4-4#1 1.10 I o.o2l 1.12 I 1.121 3131 o.oo I 
Table 4.5. Shear Stress and Erosion Rate Results for Soil A4 (Cont.) 
Soil A4-4#2 2.58 0.04 1.12 1.12 266 
Soil A4-4#3 3.38 0.06 1.12 1.17 301 
Soil A4-4#4 4.20 0.09 1.19 1.50 31S 
Soil A4-4#5 4.39 0.10 l.S2 2.61 373 
Soil A4-4#6 4.92 0.12 2.79 3.41 184 
Soil A4-4#7 5.67 0.16 3.43 4.23 119 
Soil A4-4#8 6.15 0.18 4.32 4.93 87 
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Soil types AS to A8 were prepared by changing the water content while it was 
attempting to keep the unit weight constant. These samples were also tested in the flume 
and the results were plotted to see the effect of water content on the erosion rate of soil. 
Tables 4.6 to 4.9 give the results produced in the flume experiments for Soils AS , A6, 
A7,andA8. 
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Table 4.6. Shear Stress and Erosion Rate Results for Soil AS 
Flume Shear Initial Final 
Sample Velocity Stress Reading Reading N Erosion Rate 
(ft/s) (psf) (in) (in) (in/hr) 
Soil AS-1#1 1.78 0.02 0.80 0.86 394 0.06 
Soil AS-1#2 2.39 0.03 0.86 0.88 346 0.01 
Soil AS-1#3 3.30 0.06 0.98 1.52 343 0.57 
Soil AS-1#4 3.83 0.08 1.55 2.89 357 1.34 
Soil AS-1#5 4.44 0.10 2.95 4.46 439 1.24 
Soil AS-1#6 5.11 0.13 4.55 6.22 338 1.78 
Soil AS-1#7 5.69 0.16 6.38 6.96 56 3.76 
Soil AS-2#1 1.60 0.02 0.60 0.60 360 0.00 
Soil AS-2#2 2.58 0.04 0.78 0.94 389 0.15 
Soil A5-2#3 3.65 0.07 0.98 1.70 448 0.58 
Soil AS-2#4 4.34 0.10 1.70 2.21 242 0.76 
Soil AS-2#5 5.24 0.14 2.38 4.07 200 3.04 
Soil AS-2#6 5.83 0.17 4.15 5.11 198 1.74 
Soil AS-2#7 6.73 0.21 5.30 6.86 190 2.96 
Soil AS-3#1 1.86 0.02 0.63 1.59 602 0.57 
Soil AS-2#2 3.35 0.06 2.05 3.15 414 0.95 
Soil AS-2#3 4.42 0.10 4.25 5.16 141 2.34 
Soil AS-2#4 5.51 0.15 5.25 7.60 579 1.46 
Table 4.7. Shear Stress and Erosion Rate Results for Soil A6 
Flume Shear Initial Final 
Sample Velocity Stress Reading Reading N Erosion Rate 
(fils) (psf) (in) (in) (in/hr) 
Soil A6-1#1 1.94 0.02 0.54 0.54 385 0.00 
Soil A6-1#2 2.74 0.04 0.54 0.55 655 0.01 
Soil A6-1#3 3.65 0.07 0.59 1.17 530 0.40 
Soil A6-1#4 4.92 0.12 1.21 2.96 316 1.99 
Soil A6-1#5 5.56 0.15 2.99 3. 71 200 1.30 
Soil A6-1#6 4.12 0.09 3.75 4.38 342 0.67 
Soil A6-1#7 6.28 0.19 4.51 5.29 140 2.01 
Soil A6-1#8 7.08 0.23 5.35 6.50 84 4.91 
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Table 4.7. Shear Stress and Erosion Rate Results for Soil A6 (Cont.) 
Soil A6-2#1 1.78 0.02 0.10 0.10 275 0.00 
Soil A6-2#2 2.55 0.04 0.10 0.10 318 0.00 
Soil A6-2#3 3.25 0.06 0.10 0.10 308 0.00 
Soil A6-2#4 3.83 0.08 0.10 0.10 327 0.00 
Soil A6-2#5 4.39 0.10 0.10 1.05 277 1.23 
Soil A6-2#6 5.00 0.13 1.18 2.31 275 1.48 
Soil A6-2#7 5.75 0.16 2.37 4.07 232 2.64 
Soil A6-2#8 6.49 0.20 4.15 5.30 182 2.27 
Soil A6-2#9 7.10 0.24 5.42 6.54 76 5.32 
Soil A6-3#1 1.70 0.02 3.95 3.95 312 0.00 
Soil A6-3#2 2.50 0.04 3.95 3.96 320 0.00 
Soil A6-3#3 3.30 0.06 3.96 4.23 319 0.31 
Soil A6-3#4 3.91 0.08 4.23 4.99 320 0.85 
Soil A6-3#5 4.52 0.11 4.99 5.63 227 1.02 
Soil A6-3#6 5.38 0.14 5.63 6.13 159 1.13 
Soil A6-3#7 4.87 0.12 6.15 6.90 367 0.74 
Soil A6-3#8 5.96 0.17 7.05 8.70 366 1.63 
Soil A6-3#9 6.76 0.22 8.79 9.46 76 3.19 
Table 4.8. Shear Stress and Erosion Rate Results for Soil A 7 
Flume Shear Initial Final 
Sample Velocity Stress Reading Reading N Erosion Rate 
(ft/s) (psf) (in) (in) (in/hr) 
Soil A7-1#1 1.62 0.02 3.58 3.58 338 0.00 
Soil A7-1#2 2.50 0.04 3.58 3.58 362 0.00 
Soil A7-1#3 3.06 0.05 3.58 3.58 344 0.00 
Soil A7-1#4 3.81 0.08 3.58 4.64 319 1.19 
Soil A7-1#6 4.36 0.10 5.07 6.40 186 2.58 
Soil A7-1#7 5.40 0.14 6.48 8.04 172 3.25 
Soil A7-1#8 6.76 0.22 8.22 9.52 108 4.33 
Soil A7-2#1 1.78 0.02 3.32 3.32 259 0.00 
Soil A7-2#2 2.42 0.03 3.32 3.32 302 0.00 
Soil A7-2#3 5.67 0.16 5.37 6.13 58 4.74 
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Table 4.8. Shear Stress and Erosion Rate Results for Soil A7 (Cont.) 
Soil A7-2#4 3.33 0.06 6.16 6.26 143 0.25 
Soil A7-3#1 2.02 0.03 3.53 3.53 234 0.00 
Soil A7-3#2 3.01 0.05 3.54 3.54 280 0.00 
Soil A7-3#3 4.12 0.09 4.23 5.54 222 2.13 
Soil A7-3#4 4.84 0.12 5.67 6.48 82 3.55 
Soil A7-3#5 5.96 0.17 6.72 8.85 178 4.30 
Table 4.9. Shear Stress and Erosion Rate Results for Soil A8 
Flume Shear Initial Final 
Sample Velocity Stress Reading Reading n Erosion Rate 
(fils) (psf) (in) (in) (in/hr) 
Soil A8-1#1 1.62 0.02 3.65 3.65 234 0.00 
Soil A8-1#2 2.50 0.04 3.65 3.65 292 0.00 
Soil A8-1#3 3.06 0.05 3.65 4.28 260 0.86 
Soil A8-1#4 3.81 0.08 4.29 7.02 296 3.33 
Soil A8-1#5 4.36 0.10 7.12 8.63 206 2.63 
Soil A8-1#6 5.40 0.14 8.62 9.65 66 5.59 
Soil A8-2#1 1.78 0.02 3.57 3.57 200 0.00 
Soil A8-2#2 2.55 0.04 3.57 3.57 329 0.00 
Soil A8-2#3 3.17 0.06 3.73 4.35 344 0.65 
Soil A8-2#4 4.10 0.09 4.38 6.07 235 2.59 
Soil A8-2#5 4.82 0.12 6.16 8.18 176 4.14 
Soil A8-2#6 5.59 0.15 8.37 9.38 96 3.81 
Soil A8-3#1 1.44 0.01 4.01 4.01 384 0.00 
Soil A8-3#2 2.26 0.03 4.01 4.01 380 0.00 
Soil A8-3#3 2.93 0.05 4.01 4.01 441 0.00 
Soil A8-3#4 3.81 0.08 4.01 4.02 289 0.01 
Soil A8-3#5 4.20 0.09 4.53 5.49 486 0.71 
Soil A8-3#6 5.24 0.14 5.51 6.83 122 3.90 
Soil A8-3#7 6.41 0.20 7.53 9.66 81 9.47 
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Soils A5, A6, A 7, and A8 were prepared by varying the water content. The 
variation in water content was difficult to obtain in the compaction process because the 
samples with high water content tended to stick to the compactor. Hence, it was difficult 
to achieve a uniform depth for each layer compacted. The water content in these samples 
varied only from 12% to 16%, which was too small when compared to the variation in 
natural soils. The natural soils were found to have water contents higher than 30%. 
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Figure 4.6. Erosion Rate vs. Shear Stress Plot for Soil A5 to A8 
4.1.2. Soil Type B. Soil type B had a composition of 45% sand, 35% silt, and 
20% clay. This soil was used to prepare four different sets of samples at different 
compaction levels labeled B 1, B2, 83, and B4. A summary of the properties of each set is 
given in Table 4.1 0. 
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Table 4.10. Summary of Soil Experiment Results Obtained for Soil Type B 
Sand- 45%; Silt- 35%; Clay- 20% 
Unit weight Water Cohesion Content 
Wet Dry Wet Dry lb/ft2 (g/cm3) (g/cm3) (lb/ft3) (lb/ft3) % kPa 
B1 1.98 1.73 123.61 108.00 15.98 51.68 1079.38 
B2 2.01 1.75 125.48 109.25 14.84 23.57 492.26 
B3 2.09 1.82 130.48 113.62 14.46 63.46 1325.36 
B4 2.06 1.77 128.61 110.50 16.13 29.21 610.05 
The flume experiment results for these soils are given in Tables 4. 11, 4.12, 4.13, 
and 4.14. The graph produced from these results is given in Figure 4.7. 
Table 4.11. Shear Stress and Erosion Rate Results for Soil B 1 
Flume Shear Initial Final 
Sample Velocity Stress Reading Reading N Erosion Rate 
(ft/s) (psf) (in) (in) (in/hr) 
Soil B1-1#1 1.36 0.01 1.60 1.60 377 0.00 
Soil B1-1#2 2.16 0.03 1.60 1.60 327 0.00 
Soil B1-1#3 3.11 0.05 1.60 1.60 264 0.00 
Soil B1-1#4 3.75 0.08 1.61 2.29 354 0.69 
Soil B1-1#5 4.58 0.11 2.29 3.19 348 0.93 
Soil B1-1#6 5.00 0.13 3.30 3.83 345 0.56 
Soil B1-1#7 5.69 0.16 3.87 4.88 294 1.24 
Soil B1-1#8 6.36 0.19 5.09 6.24 255 1.63 
Soil B1-1#9 6.84 0.22 6.40 7.32 235 1.40 
Soil B1-2#1 1.54 0.02 1.75 1.75 367 0.00 
Soil Bl-2#2 2.71 0.04 1.75 1.75 387 0.00 
Soil Bl-2#3 3.57 0.07 1.75 1.75 374 0.00 
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Table 4.11. Shear Stress and Erosion Rate Results for Soil B 1 (Cont.) 
Soil B1-2#4 4.04 0.09 1.76 1.94 355 0.18 
Soil B1-2#5 4.63 0.11 1.98 2.70 386 0.67 
Soil B1-2#6 5.19 0.13 2.78 3.76 485 0.73 
Soil B1-2#7 5.69 0.16 3.79 4.41 266 0.85 
Soil B1-2#8 6.28 0.19 4.42 5.01 212 1.00 
Soil B1-2#9 6.87 0.22 5.04 5.49 90 1.77 
Soil B1-3#1 1.57 0.02 1.99 1.99 210 0.00 
Soil B1-3#2 2.55 0.04 1.99 1.99 212 0.00 
Soil B1-3#3 3.35 0.06 2.40 2.50 324 0.10 
Soil B1-3#4 3.94 0.08 2.55 2.75 326 0.23 
Soil B1-3#5 4.47 0.10 3.12 3.29 419 0.15 
Soil B1-3#6 5.06 0.13 3.55 4.29 356 0.75 
Soil B1-3#7 5.75 0.16 4.30 4.67 354 0.38 
Soil B1-3#8 6.47 0.20 4.67 5.67 304 1.18 
Soil B1-3#9 6.95 0.23 5.71 7.14 390 1.32 
Soil B1-4#1 2.05 0.03 1.39 1.39 397 0.00 
Soil B1-4#2 3.11 0.05 1.39 1.39 400 0.00 
Soil B1-4#3 4.12 0.09 1.39 1.39 364 0.00 
Soil B1-4#5 5.72 0.16 1.43 2.04 317 0.70 
Soil B1-4#6 3.91 0.08 2.10 2.10 136 0.01 
Soil B1-4#8 5.30 0.14 2.14 3.15 385 0.95 
Soil B1-4#9 6.12 0.18 3.20 4.27 342 1.13 
Soil B1-4#10 6.76 0.22 4.91 6.18 303 1.52 
Table 4.12. Shear Stress and Erosion Rate Results for Soil B2 
Flume Shear Initial Final 
Sample Velocity Stress Reading Reading N Erosion Rate 
(ft/s) (psf) (in) (in) (in/hr) 
Soil B2-1#1 1.89 0.02 3.55 3.55 430 0.00 
Soil B2-1#2 2.98 0.05 3.55 3.55 310 0.00 
Soil B2-1#3 3.81 0.08 3.55 3.56 428 0.00 
Soil B2-1#5 4.26 0.09 4.03 4.72 304 0.82 
Soil B2-1#6 4.84 0.12 5.61 6.44 310 0.96 
Soil B2-1#7 5.53 0.15 6.44 7.08 249 0.93 
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Table 4.12. Shear Stress and Erosion Rate Results for Soil B2 (Cont.) 
I Soil B2-1#9 7.80 I 0.281 7.57 I 9.55 I 3861 1.841 
Soil B2-2#1 2.13 0.03 4.23 4.23 511 0.00 
Soil B2-2#2 3.19 0.06 4.23 4.23 278 0.00 
Soil B2-2#3 3.81 0.08 4.23 4.23 283 0.00 
Soil B2-2#4 4.74 0.11 5.27 6.14 406 0.77 
Soil B2-2#5 5.24 0.14 6.14 6.96 310 0.96 
Soil B2-2#6 6.31 0.19 7.09 7.55 219 0.75 
Soil B2-2#7 7.37 0.25 7.57 9.45 332 2.04 
Soil B2-3#1 1.92 0.02 3.55 3.55 309 0.00 
Soil B2-3#2 3.30 0.06 3.55 3.55 322 0.00 
Soil B2-3#3 4.12 0.09 3.55 3.55 317 0.01 
Soil B2-3#4 4.60 0.11 3.55 4.33 470 0.59 
Soil B2-3#5 7.72 0.27 4.45 6.22 224 2.85 
Soil B2-3#6 5.06 0.13 6.26 7.18 427 0.77 
Soil B2-3#7 6.65 0.21 7.21 8.37 383 1.09 
Soil B2-3#8 6.25 0.19 8.47 9.47 411 0.88 
Table 4.13. Shear Stress and Erosion Rate Results for Soil B3 
Flume Shear Initial Final 
Sample Velocity Stress Reading Reading N Erosion Rate 
(ft/s) (psf) (in) (in) (in/hr) 
Soil B3-1#1 2.77 0.04 3.93 3.93 324 0.00 
Soil B3-1#2 3.43 0.06 3.93 3.93 438 0.00 
Soil B3-1#3 3.86 0.08 3.93 4.19 350 0.27 
Soil B3-1#4 4.36 0.10 4.19 4.45 343 0.27 
Soil B3-1#5 4.60 0.11 4.45 4.68 256 0.32 
Soil B3-1#6 6.89 0.22 5.40 6.07 265 0.91 
Soil B3-1#7 5.00 0.13 6.10 6.88 602 0.47 
Soil B3-1#8 6.17 0.18 6.92 7.85 557 0.60 
Soil B3-1#9 8.44 0.32 7.85 8.41 134 1.52 
Soil B3-1#10 7.77 0.28 8.41 9.35 292 1.15 
Soil B3-2#1 4.98 0.12 4.25 4.70 549 0.30 
Soil B3-2#2 5.27 0.14 4.70 5.29 450 0.47 
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Table 4.13. Shear Stress and Erosion Rate Results for Soil B3 (Cont.) 
Soil B3-2#3 5.75 0.16 5.29 6.07 558 0.50 
Soil B3-2#4 6.49 0.20 6.13 6.74 398 0.55 
Soil B3-2#5 7.10 0.24 6.87 7.52 331 0.71 
Soil B3-2#6 4.07 0.09 7.52 7.52 233 0.00 
Soil B3-2#7 7.61 0.27 7.59 8.23 348 0.66 
Soil B3-2#8 8.36 0.32 8.25 9.39 311 1.31 
Soil B3-3#1 4.44 0.10 3.59 3.89 494 0.22 
Soil B3-3#2 4.98 0.12 3.89 4.36 471 0.36 
Soil B3-3#3 3.41 0.06 4.36 4.36 307 0.00 
Soil B3-3#4 6.36 0.19 4.43 5.29 424 0.73 
Soil B3-3#5 5.56 0.15 5.33 5.86 368 0.52 
Soil B3-3#6 6.95 0.23 5.86 6.21 232 0.54 
Soil B3-3#7 7.93 0.29 6.21 7.07 409 0.76 
Soil B3-3#8 8.28 0.31 7.12 7.78 232 1.02 
Soil B3-3#9 8.70 0.34 7.78 8.52 214 1.24 
Table 4.14. Shear Stress and Erosion Rate Results for Soil B4 
Flume Shear Initial Final 
Sample Velocity Stress Reading Reading N Erosion Rate 
(fils) (psf) (in) (in) (in/hr) 
Soil B4-1#1 3.54 0.07 4.51 4.51 400 0.00 
Soil B4-1#2 4.20 0.09 4.57 5.39 351 0.84 
Soil B4-1#3 4.76 0.12 5.39 6.17 367 0.76 
Soil B4-1#4 5.16 0.13 6.18 7.30 273 1.47 
Soil B4-1#5 5.53 0.15 7.36 8.13 229 1.20 
Soil B4-1#6 5.99 0.17 8.16 9.66 382 1.41 
Soil B4-2#1 3.57 0.07 4.04 4.04 402 0.00 
Soil B4-2#2 4.26 0.09 4.04 4.05 259 0.02 
Soil B4-2#4 5.11 0.13 4.15 4.43 354 0.29 
Soil B4-2#5 7.93 0.29 4.65 5.41 170 1.61 
Soil B4-2#6 5.53 0.15 5.42 5.76 396 0.31 
Soil B4-2#7 6.65 0.21 5.97 6.64 234 1.03 
Soil B4-2#11 7.32 0.25 7.82 8.70 194 1.65 
Table 4.14. Shear Stress and Erosion Rate Results for Soil B4 (Cont.) 
Soil B4-3#1 6.63 0.21 4.20 5.78 322 
Soil B4-3#2 5.77 0.16 5.84 7.42 336 
Soil B4-3#3 3.96 0.08 7.42 7.45 310 
Soil B4-3#4 4.50 0.10 7.45 8.13 506 
Soil B4-3#5 5.32 0.14 8.17 8.70 224 
Soil B4-3#6 6.09 0.18 8.75 9.71 180 
Soil B4-4#1 2.74 0.04 7.44 7.44 389 
Soil B4-4#2 3.17 0.06 7.44 7.44 410 
Soil B4-4#3 3.83 0.08 7.44 7.49 378 
Soil B4-4#4 4.60 0.11 7.49 7.94 291 
Soil B4-4#5 4.92 0.12 8.01 8.83 240 
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4.1.3. Soil Type C. Soil type Chad a composition of 35% sand, 35% silt, and 
30% clay. This soil was used to prepare four different sets of samples at different 
compaction levels labeled Cl , C2, C3, and C4. The summary of the soil properties of 
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each set is given in Table 4.15.The flume experiment results are given in Tables 4.16, 
4.17, 4.18, and 4.19. The graph produced from these results is given in Figure 4.8. 
Table 4.15. Summary of Soil Experiment Results Obtained for Soil Type C 
Sand - 35%; Silt - 35%; Clay - 30% 
Unit weight Water Cohesion 
Soil Content 
Type Wet Dry Wet Dry % kPa lb/ft2 (g/cm3) (g/cm3) (lb/ft3) (lb/ft3) 
C1 1.85 1.59 115.49 99.26 16.36 45.59 952.147 
C2 1.8 1.53 112.37 95.52 17.78 27.2 568.07 
C3 1.91 1.63 119.24 101.76 17.15 52.61 1098.76 
C4 2 1.71 124.86 106.76 17.23 85.64 1788.59 
Table 4.16. Shear Stress and Erosion Rate Results for Soil C1 
Flume Shear Initial Final 
Sample Velocity Stress Reading Reading N Erosion Rate 
(fils) (psf) (in) (in) (inlhr) 
Soil C1-1#1 2.05 0.03 4.14 4.14 341 0.00 
Soil C1-1#2 2.58 0.04 4.14 4.14 468 0.00 
Soil C1-1#3 3.11 0.05 4.14 4.54 324 0.45 
Soil C1-1#4 4.15 0.09 4.54 5.74 382 1.13 
Soil C1-1#5 5.30 0.14 5.90 8.03 174 4.40 
Soil C1-1#6 4.55 0.11 8.08 9.56 192 2.78 
Soil C1-2#1 1.49 0.01 3.92 3.92 333 0.00 
Soil C1-2#2 2.42 0.03 3.92 4.32 342 0.42 
Soil C1-2#3 3.57 0.07 4.37 5.39 446 0.82 
Soil C1-2#4 4.42 0.10 5.39 6.42 160 2.32 
Soil C1-2#5 4.98 0.12 7.57 9.60 188 3.88 
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Table 4.16. Shear Stress and Erosion Rate Results for Soil C1 (Cont.) 
Soil Cl-3#1 1.54 0.02 3.78 3.78 324 0.00 
Soil C1-3#2 2.47 0.04 3.78 3.78 337 0.00 
Soil C1-3#3 3.17 0.06 3.78 3.78 312 0.01 
Soil C1-3#4 3.81 0.08 3.78 3.79 544 0.00 
Soil C1-3#5 5.75 0.16 3.79 6.43 228 4.17 
Soil C1-3#6 4.47 0.10 6.58 8.82 341 2.37 
Soil C1-3#7 4.95 0.12 8.87 9.30 72 2.14 
Table 4.17. Shear Stress and Erosion Rate Results for Soil C2 
Flume Shear Initial Final 
Sample Velocity Stress Reading Reading N Erosion Rate 
(ft/s) (pst) (in) (in) (inlhr) 
Soil C2-1 #1 1.68 0.02 4.01 4.01 410 0.00 
Soil C2-1#2 2.63 0.04 4.01 4.08 347 0.07 
Soil C2-1#3 3.78 0.08 4.08 6.46 288 2.98 
Soil C2-1#4 4.18 0.09 6.49 8.08 208 2.75 
Soil C2-1#5 4.63 0.11 8.17 9.24 164 2.36 
Soil C2-2#1 1.78 0.02 3.99 3.99 294 0.00 
Soil C2-2#2 2.95 0.05 3.99 3.99 334 0.00 
Soil C2-2#3 3.46 0.07 3.99 5.89 276 2.48 
Soil C2-2#4 4.47 0.10 6.01 7.57 196 2.87 
Soil C2-2#5 4.84 0.12 7.59 9.62 272 2.69 
Soil C2-3#1 1.86 0.02 3.97 3.97 331 0.00 
Soil C2-3#2 2.66 0.04 3.97 3.97 394 0.00 
Soil C2-3#3 3.35 0.06 3.97 3.97 318 0.00 
Soil C2-3#4 3.81 0.08 4.15 6.63 288 3.10 
Soil C2-3#5 4.04 0.09 6.63 7.24 144 1.54 
Soil C2-3#6 4.87 0.12 7.24 9.64 227 3.81 
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Table 4.18. Shear Stress and Erosion Rate Results for Soil C3 
Flume Shear Initial Final 
Sample Velocity Stress Reading Reading N Erosion Rate 
(ft/s) (psf) (in) (in) (in/hr) 
Soil C3-1#1 2.47 0.04 4.00 4.00 378 0.00 
Soil C3-1#2 3.43 0.06 4.00 4.00 328 0.00 
Soil C3-1#3 4.26 0.09 4.00 4.41 331 0.45 
Soil C3-1#4 5.48 0.15 5.03 5.70 314 0.76 
Soil C3-1#5 6.31 0.19 5.70 6.49 342 0.83 
Soil C3-1#6 5.19 0.13 6.49 6.96 317 0.54 
Soil C3-1#7 6.87 0.22 6.97 7.55 282 0.74 
Soil C3-1#8 8.28 0.31 7.55 8.57 314 1.17 
Soil C3-1#9 7.90 0.29 8.59 9.27 238 1.03 
Soil C3-2#1 6.07 0.18 4.16 5.46 432 1.08 
Soil C3-2#2 2.90 0.05 5.46 5.48 318 0.03 
Soil C3-2#3 2.34 0.03 5.48 5.49 372 0.00 
Soil C3-2#4 6.89 0.22 5.49 6.83 388 1.24 
Soil C3-2#5 4.87 0.12 6.83 7.56 360 0.72 
Soil C3-2#6 3.86 0.08 7.64 8.09 454 0.36 
Soil C3-3#1 3.86 0.08 4.13 4.88 312 0.87 
Soil C3-3#2 2.87 0.05 4.88 4.89 441 0.00 
Soil C3-3#3 4.12 0.09 4.90 5.16 392 0.24 
Soil C3-3#4 4.60 0.11 6.51 7.45 510 0.66 
Soil C3-3#5 5.24 0.14 7.45 8.86 631 0.81 
Soil C3-3#6 6.07 0.18 8.89 9.51 245 0.92 
Table 4.19. Shear Stress and Erosion Rate Results for Soil C4 
Flume Shear Initial Final 
Sample Velocity Stress Reading Reading N Erosion Rate 
(ft/s) (psf) (in) (in) (in/hr) 
Soil C4-1#1 2.39 0.03 5.07 5.08 422 0.00 
Soil C4-1#2 4.79 0.12 5.07 5.07 312 0.00 
Soil C4-1#3 3.59 0.07 5.07 5.08 376 0.00 
Soil C4-1#6 5.91 0.17 5.08 5.08 190 0.01 
Soil C4-1#7 8.91 0.35 5.08 5.53 467 0.35 
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Table 4.19. Shear Stress and Erosion Rate Results for Soil C4 (Cont.) 
Soil C4-1#8 10.72 0.49 5.53 5.93 314 0.46 
Soil C4-1#9 10.27 0.46 5.93 6.18 364 0.24 
Soil C4-1 # 10 7.69 0.27 6.20 6.32 314 0.14 
Soil C4-2#1 7.03 0.23 5.69 5.81 565 0.08 
Soil C4-2#2 8.62 0.33 5.81 6.35 783 0.25 
Soil C4-2#3 10.75 0.50 6.35 7.19 719 0.42 
Soil C4-2#4 9.77 0.42 7.19 8.02 737 0.40 
Soil C4-2#5 11.50 0.56 8.03 8.91 709 0.45 
Soil C4-3#1 6.04 0.18 5.56 6.38 859 0.34 
Soil C4-3#2 4.10 0.09 6.38 6.76 785 0.17 
Soil C4-3#3 5.11 0.13 6.76 7.06 635 0.17 
Soil C4-3#4 6.17 0.18 7.07 7.49 654 0.23 
Soil C4-3#5 7.48 0.26 7.51 8.31 827 0.35 
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Figure 4.8. Erosion Rate vs. Shear Stress Plot for Soil C 1 to C4 
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4.2. NATURAL SAMPLES 
Natural soil samples were collected from the Mississippi, Missouri and Meramec 
watersheds in St. Louis, Missouri. Soil types were selected based on the NRCS Soil 
classification. Different soil types present along the creek banks were identified and the 
three most commonly found soil types were collected from different locations. According 
to the soil survey map, the samples collected include Soil20B from three different 
locations, Soil 32 from three different locations, and Soil33 from three different 
locations. The natural samples collected were the same as those used in the previous 
research work. Ssample collection locations are shown in Appendix A. Three Shelby tube 
samples and loose soil samples in Ziploc bags were collected from each location. The 
samples in the Ziploc bags were used to determine the percentage composition of sand, 
silt, clay, Atterberg Limits, and the percentage organic matter in the soil. From the three 
Shelby tube samples collected from each location, one was extruded and used to 
determine the water content, wet unit weight, dry unit weight, and cohesion. The 
remaining two samples were used for the flume experiments. A summary of soil analysis 
results obtained for natural soils is given in Table 4.20. 
Soil 20B collected from Gravois Creek could not be tested as the samples were 
found loose inside the Shelby tube. The sample ofSoil32 from Gravois Creek extruded 
to test the soil properties had rocks in it and it was difficult to obtain samples for unit 
weight analysis and soil cohesion. Hence, these two soil types could not be tested to 
determine the water content, unit weight, and the soil cohesion. The results obtained in 
the flume experiment for the undisturbed natural samples from each location are given in 
Tables 4.21 to 4.27 and the graphs are provided in Figures 4.9 to 4.15. 
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Table 4.20. Summary of Soil Analysis Results for Undisturbed Samples 
NRCS Wet Dry 
Soil Type % % % Atterberg unit unit Organic 
& Creek Sand Silt Clay Limits w c wt. wt. Matter 
LL PL PI % kPa g/cm3 g/cm3 % 
20B 
Gravois 76 19 5 26 21 5 NIA 13.12 
20B Deer 32 54 14 35 24 11 34 11.30 1.83 1.36 11.94 
20B Creve 9 71 20 34 20 14 29 30.30 1.66 1.29 3.91 
32 
Gravois 75 20 5 27 19 8 NIA 7.82 
32 Creve 22 61 17 32 24 8 35 8.63 1.69 1.25 6.55 
32 Grand 54 36 10 34 26 8 40 2.76 1.65 1.18 9.02 
33 
Gravois 40 46 14 31 22 9 28 33.80 1.71 1.33 7.88 
33 Deer 59 32 9 28 20 8 28 34.20 1.65 1.27 7.82 
33 Creve 11 71 18 35 21 14 30 6.94 1.68 1.29 10.83 
Table 4.21. Shear Stress and Erosion Rate Results for Soil 20B from Deer Creek 
Flume Shear Initial Final Erosion 
Sample Velocity Stress Reading Reading N Rate 
(fils) (psf) (in) (in) (inlhr) 
20B Deer-1 # 1 2.18 0.03 2.93 2.93 316 0.01 
20B Deer-1 #2 5.35 0.14 2.93 4.27 306 1.57 
20B Deer-1 #3 3.70 0.07 4.33 4.69 328 0.40 
20B Deer-1 #4 8.91 0.35 4.70 5.65 86 4.02 
20B Deer-1 #5 2.85 0.05 5.65 5.70 312 0.06 
20B Deer-1#6 3.22 0.06 5.70 5.73 258 0.03 
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Table 4.21. Shear Stress and Erosion Rate Results for Soil 20B from Deer Creek (Cont.) 
20B Deer-1 #8 4.44 0.10 7.50 8.06 174 1.16 
20B Deer-1#9 6.47 0.20 8.25 9.29 146 2.54 
20B Deer-2#1 2.93 0.03 2.16 2.17 324 0.00 
20B Deer-2#2 4.10 0.09 2.17 2.17 276 0.00 
20B Deer-2#3 4.60 0.11 2.17 2.85 171 1.44 
20B Deer-2#5 9.90 0.43 4.16 5.90 185 3.39 
20B Deer-2#6 6.49 0.20 5.91 6.58 293 0.82 
20B Deer-2#7 5.03 0.13 6.58 6.88 321 0.34 
20B Deer-2#8 6.73 0.21 6.92 8.42 209 2.59 
20B Deer-2#9 5.53 0.15 8.47 8.95 204 0.86 
Table 4.22. Shear Stress and Erosion Rate Results for Soil20B from Creve Coeur Creek 
Flume Shear Initial Final Erosion 
Sample Velocity Stress Reading Reading N Rate 
(ft/s) (psf) (in) (in) (in/hr) 
20B Creve-1#1 2.34 0.03 2.23 2.23 238 0.00 
20B Creve-1 #2 3.54 0.07 2.23 2.24 380 0.01 
20B Creve-1 #3 4.42 0.10 2.26 3.24 356 0.99 
20B Creve-1 #4 4.87 0.12 3.30 4.37 264 1.46 
20B Creve-1 #5 5.30 0.14 4.43 5.02 292 0.73 
20B Creve-1 #6 6.28 0.19 5.02 6.79 346 1.84 
20B Creve-1 #7 7.21 0.24 6.83 8.35 224 2.43 
20B Creve-1 #8 6.65 0.21 8.36 8.96 190 1.14 
20B Creve-2#1 2.93 0.05 3.61 3.71 410 0.09 
20B Creve-2#2 3.70 0.07 3.71 3.76 314 0.06 
20B Creve-2#3 4.50 0.10 3.76 4.25 313 0.56 
20B Creve-2#4 4.98 0.12 4.25 5.22 350 0.99 
20B Creve-2#5 7.10 0.24 5.22 7.49 314 2.61 
20B Creve-2#6 6.04 0.18 7.49 7.97 212 0.80 
20B Creve-2#7 5.46 0.15 7.97 8.33 144 0.90 
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Table 4.23. Shear Stress and Erosion Rate Results for Soil32 from Creve Coeur Creek 
Flume Shear Initial Final Erosion 
Sample Velocity Stress Reading Reading N Rate 
(ft/s) (psf) (in) (in) (inlhr) 
32 Creve-1#1 2.63 0.04 5.33 5.35 382 0.01 
3 2 Creve-1 #2 3.41 0.06 5.35 5.41 402 0.06 
32 Creve-1#3 3.96 0.08 5.41 5.72 363 0.31 
3 2 Creve-1 #4 4.66 0.11 5.72 6.37 320 0.73 
32 Creve-1#5 5.93 0.17 6.37 7.89 354 1.54 
3 2 Creve-1 #6 7.10 0.24 7.89 9.05 132 3.16 
Table 4.24. Shear Stress and Erosion Rate Results for Soil 32 from Grand Glaize Creek 
Flume Shear Initial Final Erosion 
Sample Velocity Stress Reading Reading N Rate 
(fils) (psf) (in) (in) (in/hr) 
32 Grand -1#1 1.65 0.02 5.45 5.85 366 0.39 
32 Grand -1 #2 2.58 0.04 5.97 6.66 287 0.86 
32 Grand -1#3 3.30 0.06 6.79 7.97 374 1.13 
32 Grand -1 #4 3.75 0.08 8.03 8.53 145 1.25 
32 Grand -1#5 4.42 0.10 8.53 9.63 139 2.83 
32 Grand -2#1 1.44 0.01 5.25 5.25 180 0.00 
32 Grand -2#2 2.08 0.03 5.25 5.30 269 0.07 
32 Grand -2#3 2.47 0.04 5.30 5.81 334 0.56 
32 Grand -2#4 5.08 0.13 5.94 7.48 153 3.61 
32 Grand -2#5 3.35 0.06 7.60 8.53 226 1.49 
32 Grand -2#6 4.10 0.09 8.74 9.58 197 1.53 
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Table 4.25. Shear Stress and Erosion Rate Results for Soil33 from Gravois Creek 
Flume Shear Initial Final Erosion 
Sample Velocity Stress Reading Reading N Rate 
(ft/s) (psf) (in) (in) (inlhr) 
33 Gravois-1#1 2.37 0.03 3.68 3.86 364 0.18 
33 Gravois- I #2 2.98 0.05 3.86 4.50 294 0.78 
33 Gravois- I #3 3.49 0.07 4.50 5.24 334 0.80 
33 Gravois- I #4 4.15 0.09 5.24 6.62 309 1.61 
33 Gravois-1#5 4.39 0.10 6.93 7.62 210 1.19 
33 Gravois-1#6 4.90 0.12 8.82 9.59 168 1.65 
33 Gravois-2#1 2.18 0.03 2.41 2.41 176 0.00 
33 Gravois-2#2 2.98 0.05 2.41 2.42 308 0.00 
33 Gravois-2#3 3.46 0.07 2.42 2.51 337 0.10 
33 Gravois-2#4 4.10 0.09 2.51 2.58 326 0.08 
33 Gravois-2#5 4.58 0.11 2.58 3.40 431 0.68 
33 Gravois-2#7 5.64 0.16 3.51 4.64 290 1.41 
33 Gravois-2#8 7.82 0.28 4.64 5.85 138 3.14 
33 Gravois-2#9 7.16 0.24 5.85 7.69 216 3.07 
33 Gravois-2#10 5.11 0.13 7.88 8.21 164 0.72 
33 Gravois-2#11 6.41 0.20 8.21 9.48 160 2.87 
Table 4.26. Shear Stress and Erosion Rate Results for Soil 33 from Deer Creek 
Flume Shear Initial Final Erosion 
Sample Velocity Stress Reading Reading N Rate 
(fils) (psf) (in) (in) (in/hr) 
33 Deer-1#1 2.05 0.03 5.22 5.22 471 0.00 
33 Deer-1#2 2.55 0.04 5.22 5.22 433 0.00 
33 Deer-1#3 4.58 0.11 5.22 7.15 202 3.44 
33 Deer-1#4 3.99 0.08 7.35 8.38 319 1.16 
33 Deer-1#5 3.33 0.06 8.39 9.08 243 1.03 
33 Deer-1#6 5.35 0.14 9.21 9.69 24 7.22 
33 Deer-2#5 1.38 0.01 5.72 5.72 180 0.00 
33 Deer-2#6 1.97 0.02 5.72 5.72 254 0.00 
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Table 4.26. Shear Stress and Erosion Rate Results for Soil33 from Deer Creek (Cont.) 
33 Deer-2#7 2.39 0.03 5.76 5.94 320 0.21 
33 Deer-2#8 5.06 0.13 5.94 8.15 146 5.44 
33 Deer-2#9 3.19 0.06 8.26 8.63 226 0.59 
33 Deer-2#10 3.99 0.08 8.63 9.38 156 1.74 
Table 4.27. Shear Stress and Erosion Rate Results for Soil33 from Creve Coeur Creek 
Flume Shear Initial Final Erosion 
Sample Velocity Stress Reading Reading N Rate 
(ft/s) (pst) (in) (in) (in/hr) 
33 Creve-1#1 2.34 0.03 2.84 2.84 273 0.00 
3 3 Creve-1 #2 2.95 0.05 2.84 2.85 392 0.00 
33 Creve-1#3 3.46 0.07 2.85 3.09 332 0.27 
3 3 Creve-1 #4 6.25 0.19 3.09 6.48 353 3.45 
33 Creve-1 #5 3.99 0.08 6.48 7.98 389 1.39 
3 3 Creve-1 #6 5.22 0.14 7.98 9.13 332 1.24 
33 Creve-2#1 3.30 0.06 4.65 5.52 350 0.89 
33 Creve-2#2 2.45 0.04 5.52 5.74 318 0.25 
33 Creve-2#3 3.96 0.08 5.82 6.82 327 1.11 
33 Creve-2#4 5.19 0.13 6.82 9.67 244 4.20 
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The detailed soil analysis calculations for the natural samples are provided in 
Appendices C to H. Most of the natural samples tested were comparatively homogeneous 
and, hence, the results obtained showed an increase in erosion rate with increased shear 
stress. Some of the data obtained for certain samples showed a very high variation in the 
erosion rate compared to the other values in the same dataset due to the presence of rock 
or roots in the samples. These samples experienced little or no erosion compared to the 
other samples tested from the same location. The correlation of shear stress to erosion 
rate was poor and, hence, did not match or come close to the other results. The analysis of 
soil erosion when roots and rocks are present is beyond the scope of this study, so those 
results are not presented in this report. Detailed analyses of the results, including 
statistical analysis, are explained in Section Five. 
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5. ANALYIS 
5.1. DATA ANALYSIS 
The results obtained from the flume experiments showed a positive correlation 
between the erosion rate and shear stress for all the soil types tested. Thus, the rate of 
erosion increased with increase in shear stress values. The analysis of flume experiment 
results performed in this research can be classified into two parts. The first part of the 
analysis was performed to identify the major soil parameter(s) that control the erosion 
rate of the soil. Prepared soil samples were used for this analysis. The results obtained 
from the flume experiments were analyzed with the various soil properties, water content, 
wet unit weight, dry unit weight, percentage clay, and soil cohesion, determined in the 
laboratory. The second part of the analysis was performed to establish a relationship to 
predict the erosion rate of natural soils using the soil parameter(s) determined in the first 
part of analysis. Statistical analyses were performed on the data sets obtained from flume 
experiments to compare the soil erosion rates. 
5.2. STATISTICAL ANALYSIS 
A regression analysis was performed on the flume experiment results obtained for 
each soil type and a linear fit was found to be the best fit for the data set. The regression 
analysis was performed using MINIT AB software to obtain the best fit for the data 
points. MINIT AB is a computer program designed to perform statistical functions. 
Before performing the linear regression analysis, some of the data obtained were 
removed from the data sets because it showed a very low erosion rate, even at higher 
shear stress values. These values were primarily due to the presence of roots and rocks in 
the soil that caused very high erosion resistance. 
Figure 5.1 shows the data points that do no match and removed from data set of 
Soil 33 from Creve Coeur Creek. The samples showed a very low erosion rate at higher 
stresses, such as 0.25 to 0.3 psf, due to the presence of a big root. Due to the lowness of 
this erosion rate as compared to the erosion rate obtained for lower shear stresses, the 
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5.2.1. Prepared Soil Regression Analysis. Polynomial and linear fits were tried 
for the data sets. The linear fit was found to be the best for all data sets. With the 
exception of Soil C4, the samples prepared in the laboratory had an R-squared value 
greater than 0.70. For soil C4, the R-squared value obtained was 0.65. Each set of soil 
from all three prepared soil types was tested for significance using statistical methods. A 
95% confidence interval and prediction interval for each set of data were obtained using 
the MINIT AB program. The confidence interval defines the most believable values for a 
parameter and the prediction interval is the interval within which the response or the 
outcome is likely to fall. For example, Figure 5.2 shows the best fit obtained for soil A 1. 
The equation of linear fit for soil A 1 is given by 
E = 201.5r - 2.819 (5.1 ) 
where E is the erosion rate in in!hr and r is the shear stress applied in psf. The R-squared 
value obtained was 0.95, which indicates excellent correlation of the data points. 
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The samples tested for Soil Al were prepared in the laboratory, hence, the soil 
was considered homogeneous. That may be the major reason for obtaining such a high 
correlation of data points. Only two soil samples were tested from this set, so fewer data 
points were obtained. Due to this high correlation, the 95% confidence interval and the 
95% prediction intervals formed a narrow band. All the data points obtained for Soil A 1 
lies within the 95% prediction interval. The slope of the linear fit is very high, which 
indicates a higher erosion rate in Soil A 1. As compared to the unit weight of other 
prepared samples the wet unit weight and dry unit weight of Soil AI was somewhat 
closer to those of natural samples. Compacting the soil in the Shelby tube at a low unit 
weight was extremely difficult. The erosion rate of the sample was higher than that of all 
the other soils tested. A comparison of the slope of linear fit obtained for shear stress to 
the erosion rate plot gave a better idea of the erodibility of different soil types. The 
erosion rate of Soil A 1, with unit weights similar to the natural samples, was too high as 
compared to the erosion rate of natural samples, which is shown later in this section. 
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Figure 5.2. 95% Confidence and Prediction Interval for Soil A 1 
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Similarly, the linear fit obtained for Soil A2 is shown in Figure 5.3. Three 
samples of Soil A2 were tested in the flume and the R-squared value obtained was 0.84. 
The 95% confidence and prediction intervals were plotted to test the reliability of results. 
The confidence interval and prediction interval bands were wider than those for Soil Al. 
Another factor observed in this plot was the slope of the linear fit. The slope of the best 
fit line for Soil A2 was less than that of Soil A 1, which indicated a higher resistance to 
erosion than in Soil A 1. As per the soil analysis, the wet and dry unit weight for Soil A2 
is higher than that of Soil A 1, which means the Soil A2 is more compacted than Soil A 1. 
The cohesion of Soil A2 was less than that of Soil A 1. The higher water content, 17%, of 
Soil A2 can reduce A2's cohesion. The resistance to erosion was high for lower soil 
cohesion, which was not an expected trend for the result. Similarly, the linear fit obtained 
along with the prediction and confidence intervals for different sets of Soil A, were 
determined and are plotted in Figures 5.4, 5.5, 5.6, 5.7, and 5.8. 
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Figure 5.9. 95% Confidence and Prediction Interval for Soil A8 
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Flume results for Soil B were statistically analyzed to see the significance of the 
results obtained. The 95% confidence and prediction intervals were plotted for all sets of 
soil B. The graphs plotted with the linear relationship obtained for Soils B 1, B2, B3 , and 
B4, along with the 95% confidence and prediction intervals, are shown in Figures 5.1 0, 
5.11 , 5.12 and 5.13, respectively. The R-squared value obtained for Soil B1 was 0.73 
while for B2, B3, and B4 it was greater than 0.8. The erosion rate for Soil B1 was the 
highest and B3 showed the maximum resistance to erosion in this group. Linear fit for 
Soils B2 and B3 had similar slopes. 
Similarly, results obtained for Soils Cl to C4 were analyzed with 95% confidence 
and prediction intervals. The graphs obtained for these soils are shown in Figures 5 .14, 
5.15, 5.16, and 5.17. The linear fit obtained for Soils C 1 and C2 had similar slopes of 
32.78 and 36.13, respectively. The slope ofthe linear fit for Soil C3 was less than that of 
Soils C 1 and C2 and greater than that of Soil C4. Soil C4 indicated the maximum 
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Figure 5.11. 95% Confidence and Prediction Interval for Soil 82 
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For most ofthe soil types tested, the erosion rate was zero or slightly greater at 
low shear stress values. Linear regression analysis was performed including these low 
erosion data points, but, the linear fit obtained in the low shear stress region indicates 
higher erosion rate than the actual observed erosion rate. The rate of erosion is higher 
after the critical shear stress, the shear stress above which mass erosion occurs 
(Partheniades 1965). Below the critical shear stress value, the erosion rate of soil is very 
small and time is the major constraint in analyzing erosion below this point. Hence, the 
linear fit presented for the soil types is not valid in the low shear stress region. If a 
regression analysis is performed after removing these low erosion data points, it may 
produce a linear fit with an even higher correlation coefficient. However, the linear fit 
adopted in this research looks reasonable as the spread of data is almost uniform at higher 
shear stress values. More detailed analysis is required to predict the rate of erosion at low 
shear stress values. 
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5.2.2. Natural Soil Regression Analysis. Before analyzing the natural soil 
erosion, the soils were classified into different groups based on the USDA Soil Triangle 
shown in Figure 5.18. The wet sieve analysis and the hydrometer analysis performed on 
the natural soil samples showed that the soil compositions are not the same as given in 
NRCS Soil Survey Map, which led to a reclassification of the soils. The USDA soil 
classifications for the samples collected from different locations are given in Table 5.1. 
From this table, it is obvious that the classification of a soil such as 20B from the Gravois 
Creek and Deer Creek by the NRCS Soil Survey Map indicates very different 
compositions of sand, silt and clay. The composition of Soils 20B, 32, and 33 according 
to the NRCS Soil Survey Map is given in Table 2.1 . 
percent 
CLAY 
100 90 80 
Medium 
loam 
70 60 50 





Figure 5.18. USDA Soil Textural Triangle 
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Table 5.1. USDA Classification ofNatural Samples Tested 
NRCS Soil Type Wet Sieve & Hydrometer Analysis 
USDA Classification 
and Creek %Sand %Silt %Clay 
20B Gravois 76 19 5 Loamy Sand 
20B Deer 32 54 14 Silty Loam 
20B Creve Coeur 9 71 20 Silty Loam 
32 Gravois 75 20 5 Loamy Sand 
32 Creve Coeur 22 61 17 Silty Loam 
32 Grand Glaize 54 36 10 Sandy Loam 
33 Gravois 40 46 14 Loam 
33 Deer 59 32 9 Sandy Loam 
3 3 Creve Coeur 11 71 18 Silty Loam 
The flume results obtained for the natural samples were analyzed based on the 
USDA Soil Triangle classification. All the Silty Loam samples were grouped together 
md similar trends in results were observed for these samples. Similarly, the Sandy Loam 
group was also analyzed. The natural soil samples collected from different creeks were 
malyzed to obtain a linear fit and the 95% confidence and prediction intervals were 
Jbtained after classifying the soils using the USDA Soil Triangle. The linear fit obtained 
.s shown in Figures 5.17 to 5.23. For Soi120B collected from Deer Creek, the linear 
·elationship obtained between the shear stress and erosion rate is given by 
E = J0.499r - 0.352 (5.2) 
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Figure 5.19. Linear Fit for Soil 20B from Deer Creek 
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-Regressio n 
Figure 5.22. Linear Fit for Soil 32 from Grand Glaize Creek 
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33 Gravois Creek 
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Figure 5.23. Linear Fit for Soil33 from Gravois Creek 
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33 Creve Coeur Creek 
E = -0.8331 + 24 .358, 
0.1 0.15 
Shear Stress (pst) 
R-Sq 0.7227 
0 .2 33 Creve 
-Regressio n 
Figure 5.25. Linear Fit for Soil 33 from Creve Coeur Creek 
The test of significance was performed for these natural soils after grouping the 
soils based on the USDA classification given in Table 5.1. The results obtained for Soil 
types 20B Deer Creek, 20B Creve Coeur Creek, 32 Creve Coeur Creek, and 33 Creve 
Coeur Creek were grouped together as Silty Loam and a combined data plot was 
obtained. 
A combined data plot obtained for eight Silty Loam samples from four different 
locations is shown in Figure 5.26. The linear fit obtained for the combined Silty Loam 
soil plot is given by 
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E = 11.14 r - 0.2944 (5.3) 
The R-squared value obtained for the combined data was 0.645 . The 95% 
confidence interval and prediction interval obtained for the Silty Loam is also shown in 
Figure 5.26. Similarly, the results obtained for Soils 33 from Deer Creek and 32 from 
Grand Glaize Creek were grouped together to perform the statistical analysis. 
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The linear fit and the 95% confidence and prediction intervals for this Sandy 
Loam group is given in Figure 5.27. The numbers of samples in other soil types were not 
large enough to form a new group to establish a relationship between the shear stress and 
erosion rates. In the Loamy Sand group, there was not enough sample of 20B from 
Gravois Creek. Hence, the only sample tested was Soil 32 from Gravois Creek. Also, 
there was only one soil for the Loam group, so no grouping analysis was performed for 
that. 
Silty Loam 
F. = -0.2944 + 11.14 1: 
7 
-- Regression 
-- 95% CI 
6 
---- 95% PI 
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Figure 5.27. Combined Data Plot for Sandy Loam 
The best fit line obtained for the Sandy Loam group is given by 











Soil samples collected from two different creeks were tested in the Sandy Loam 
group. The R-squared value obtained for the Sandy Loam soil group is .823 . 
The slope of linear fit obtained for the Silty Loam group is 11 . 14 whil e the slope 
of the Sandy Loam group is 43 .29. The greater slope of the Sandy Loam group indicates 
a higher erosion rate for Sandy Loam soils than for Silty Loam soils. 
5.3. ANALYSIS OF PREPARED SAMPLE WITH SOIL PROPERTIES 
5.3.1. Comparison of Similar Soil Types. The linear fit s obtained for the 
prepared samples were used for the comparison of erosion rate of simil ar soil types first. 





of the soil properties for Soil A is shown in Figure 5.28. The slope of the linear fit is a 
good indicator of soil erosion rate. In Figure 5.28, Soil A 1 has the highest slope for the 
linear fit , indicating the highest erosion rate for Soil A 1 as compared to other soils in Soil 
A. Hence, the slope of linear fit obtained for each soil type was analyzed with the soil 
properties analyzed for Soil A. Most of the soil types in Soil A showed a relationship to 
the dry unit weight of the soil. Soil A 1, with least dry unit weight, had highest slope for 
the linear fit , while all the other soils had dry unit weight greater than 1.7 and showed a 
higher resistance to erosion when compared to Soil Al. Soil A4, AS, A6, and A7 had dry 
unit weights higher than 1.8 g/cm3 and all of them showed higher resistance to erosion. 
All the three soil types had a similar trend when their erosion rates were compared 
with the dry unit weight of the soil. The slope of the linear fit obtained for each soil type 
was found to increase with an increase in the dry unit weight of the soil. The combined 
data plot obtained for Soils Band Care shown in Figures 5.29 and 5.30, respectively. 
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Figure 5.30. Combined Data Plot Along with Linear Fit for Soil C I to C4 
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Among the Soil B group, Soils B 1, B2, and B4 had similar dry unit weight and 
similar erosion rates, while Soil B3 had a higher dry unit weight and a lower erosion rate 
as compared to the other three soils. Soil C also showed a similar trend. 
5.3.2. Comparison of Similar Soil Types with Similar Dry Unit Weights. From 
Soil A, the samples with similar dry unit weight were plotted together and the linear fit 
obtained showed a high correlation of data points with an R-squared value of about 0.75. 
Soils A2, A3 , and A8, with an average dry unit weight of 1.76 g/cm3, were plotted 
together and are shown in Figure 5.31. Similarly, Soils A4, AS, A6, and A 7, with an 
average dry unit weight of 1.84 g/cm3, are plotted in Figure 5.32. The slopes of the two 
plots were 49.23 and 22.24, respectively, which indicates higher erosion rate for lower 
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Figure 5.32. Combined Data Plot for Soil A4, A5, A6 and A7 with Similar Dry Unit 
Weight 
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5.3.3. Comparison of Different Soil Types with Similar Unit Weights. The 
comparison of flume experiment results for the same soil types in Sections 5.3.2 and 
5.3.3 showed a relationship between the erosion rate and the dry unit weight of the soil. 
The samples of the three different Soils A, B, and C were compared to analyze the effect 
of any other soil parameter that affected the erosion rate of soil. Samples with similar dry 
unit weights were selected for this analysis to minimize the effect of dry unit weight. The 
soil types selected were Soils A8, B4, and C4, with dry unit weights of 1.74, 1.77, and 
1.71 g/cm3, respectively. Figure 5.31 shows the linear fit obtained for these three soil 
types. The only difference in the three soil types was in the percentage clay content. Soil 
A8 had minimal clay content and showed the highest erosion rate. Soil 84 had 10% more 
clay content than Soil A8 and 10% less than Soil C4. Soil C4, with highest clay content, 
has the lowest erosion rate. Thus, the analysis performed on three different prepared soil 
types indicated the effect of percentage clay in the erosion rate of soil. 
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Figure 5.33. Comparison of Soil A8, B4 and C4 
5.4. MULTIPLE REGRESSION ANALYSIS 
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In the prepared soil analysis, it was found that the dry unit weight of the soil and 
the percentage clay were the two major soil parameters affecting soil erosion rate. Hence, 
a multiple regression analysis was performed on the results obtained for natural soils to 
predict erosion rates based these two soil parameters. As the erosion rate varies with 
increases in the shear stress values, the slope (S) and the erosion rate axis intercept (}) of 
the linear fit obtained were used to perform the multiple regression analysis. The linear fit 
obtained was in the form given below: 
where, 
E = Sr- Y 
E = erosion rate (in/hr) 
S = Slope (ft/ft) 
r = Shear Stress (psf) 
Y = Erosion Rate Axis Intercept (in/hr) 
(5.5) 
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The prepared soil analysis showed that the slope and the erosion rate axis 
intercept of the linear fit given above are controlled by the dry unit weight of the soil and 
the percentage clay content. Multiple regression analysis is used to predict a variable that 
depends on two or more independent variables. In this research, two different multiple 
regression analyses were used for a single soil type. The first analysis was to predict the 
slope of the linear relation. The slopes of the linear fit obtained for all the samples in the 
Silty Loam group collected from different locations were used as the dependent variable. 
The independent variables predicting the slope were the dry unit weight of the soil and 
the percentage clay content. The multiple regression equation obtained from this analysis 
is given by 
S = 1282 - 13.4 Dry Unit Weight- 9. 7 3 Clay (5.6) 
In Equation 5.6, the dry unit weight of the soil is given in lb/fe and the clay is 
given in a percentage. The results obtained for the multiple regression analysis performed 
on the Silty Loam group to obtain the slope of the linear fit is presented in Table 5.2. 
Table 5.2. Regression Analysis- Silty Loam: S vs. Dry Unit Weight, Clay(%) 
SE 
Predictor Coef Coef T p 
Constant 1282 462.2 2.77 0.07 
Dry Unit -13.36 4.83 -2.77 0.07 
Clay(%) -9.73 3.99 -2.44 0.09 
s = 7.98 R-Sq = 72.6% R-Sq(adj) = 54.3% 
Analysis of Variance 
Source DF ss MS F p 
Regression 2 505.72 252.86 3.97 0.144 
Residual Error 3 191.17 63.72 
Total 5 696.88 
Source DF Seq SS 
Dry Unit 1 127.41 
Clay(%) 1 378.3 
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Similarly, the second regression analysis was performed with the erosion rate axis 
intercept of the linear fit was as the dependent variable. The independent variables were 
the same as in the first analysis, the dry unit weight of the soil and the percentage clay 
content. The regression equation obtained for the second analysis is given by 
Y =- 47.5 + 0.498 Dry Unit Weight+ 0.342 Clay (5.7) 
The multiple regression analysis results for the Silty Loam group used to obtain 
the erosion rate axis intercept of the linear fit are presented in Table 5.3. 
Table 5.3. Regression Analysis -Silty Loam: Y vs. Dry Unit Weight, Clay(%) 
SE 
Predictor Coef Coef T p 
Constant -47.5 18.05 -2.63 0.08 
Dry Unit 0.49 0.19 2.64 0.08 
Clay(%) 0.34 0.16 2.2 0.12 
s- 0.3117 R-Sq = 72.2% R-Sq(adi) = 53.7% 
Analysis of Variance 
Source OF ss MS F p 
Regression 2 0.76 0.38 3.9 0.15 
Residual Error 3 0.29 0.10 
Total 5 1.05 
Source DF Seq SS 
Dry Unit 1 0.29 
Clay(%) 1 0.47 
Thus, regression Equation 5.6 allows estimation of the slope of the linear relation 
between shear stress and erosion rate. The regression Equation 5.6 can be used to 
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calculate the erosion rate axis intercept of the linear fit. Thus, if the dry unit weight and 
percentage clay content are known for a Silty Loam soil, using Equations 5.6 and 5.7 one 
can obtain a linear relationship between the shear stress and the erosion rate of that soil 
without performing the flume experiments. Once the linear relationship is obtained, the 
erosion rate can be quantified for that particular soil type for any shear stress value. 
Similarly, the analyses performed on Sandy Loam soils are summarized in Tables 5.4 and 
5.5 and the regression equations obtained are given by 
S = 40.1- 0.0081 Dry Unit Weight+ 1.51 Clay (5.8) 
Y =- 2.27 + 0.00070 Dry Unit Weight- 0.046 Clay (5.9) 
Table 5.4. Regression Analysis- Sandy Loam: S vs. Dry Unit Weight, Clay(%) 
SE 
Predictor Coef Coef T p 
Constant 40.05 73.76 0.54 0.68 
Dry Unit -0.01 0.01 -0.58 0.66 
Clay(%) 1.52 2.85 0.53 0.69 
s = 8.530 R-Sq = 89.6% R-Sq(adj) = 68.7% 
Analysis of Variance 
Source DF ss MS F p 
Regression 2 623.87 311.93 4.29 0.323 
Residual Error 1 72.77 72.77 
Total 3 696.63 
Source DF Seq SS 
Dry Unit 1 603.28 
Clay(%) 1 20.59 
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Table 5.5. Regression Analysis -Sandy Loam: Y vs. Dry Unit Weight, Clay(%) 
Predictor Coef SE Coef T p 
Constant -2.27 6.25 -0.36 0.77 
Dry Unit 0.001 0.001 0.59 0.66 
Clay(%) -0.05 0.24 -0.19 0.88 
s = 0.7234 R-Sq = 81.1% R-Sq(adj) = 43.4% 
Analysis of Variance 
Source DF ss MS F p 
Regression 2 2.25 1.13 2.15 0.43 
Residual Error 1 0.52 0.52 
Total 3 2.77 
Source DF Seq SS 
Dry Unit 1 2.23 
Clay(%) 1 0.02 
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6. CONCLUSIONS AND FUTURE RESEARCH 
6.1. CONCULSIONS 
The primary objective of this research was to identify the major soil parameters 
that control soil erosion rate. Soil samples prepared in the laboratory and the samples 
collected from the MSD service area in St. Louis, Missouri, were tested in this research to 
determine the soil property that best predicts the erosion rate of the soil. Linear 
relationships obtained between the shear stress and the erosion rate from the flume 
experiments were analyzed with various soil properties such as soil cohesion, wet unit 
weight, dry unit weight, percentage composition, water content, percentage organic 
matter, and plasticity index of the soil. 
The research was begun with the hypothesis that soil cohesion may be a major 
parameter that controls the erosion rate of the soil because soil cohesion depends on the 
percentage composition of soil, the water content, and the unit weight of the soil. But, the 
results obtained from the first set of experiments performed on prepared Soil A showed 
no relationship between soil cohesion and the erosion rate. However, the erosion rate 
obtained for the same soil type prepared at different compaction levels indicated the 
effect of dry unit weight on the erosion rate. Hence, the study was redirected to focus on 
the role of the unit weight of the soil. A similar trend was observed in all the prepared 
soil samples. The erosion rates of different soils were analyzed by comparing the slope of 
the linear fit obtained for each soil type. The slope of linear fit obtained for erosion rate 
versus shear stress data was higher for soil with a low dry unit weight. The resistance to 
erosion was higher for soil with high dry unit weights while soil with lower dry unit 
weights showed higher erosion rates. 
Analysis of erosion rates obtained for three different prepared soil types with similar 
dry unit weights indicated a relationship between the erosion rate and the soil 
composition. Soil with a higher clay content had a lower slope for the linear fit, 
indicating higher resistance to erosion. 
·Hence, the results drawn from prepared soil analysis show that the dry unit weight of 
the soil and the percentage clay content are two major parameters in predicting soil 
erosion rates. 
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Another objective of this research was to establish a relationship to predict the 
erosion rate of natural soil samples. The natural samples collected were classified based 
on the USDA textural classification. Two soil types, Silty Loam and Sandy Loam, were 
analyzed to predict their erosion rates based on their soil properties. Multiple regression 
analyses were performed on the flume experiment results obtained for natural soil 
samples to obtain the linear relationship between the shear stress and the erosion rates of 
these soils. From the prepared soil analysis it was found that the slope and erosion rate 
axis intercept of the linear relation are related to soil parameters, dry unit weight, and 
percentage clay content. Hence, two different multiple regression equations were used to 
predict the slope and erosion rate axis intercept of the linear relation with the dry unit 
weight and the percentage clay content. Once this set of multiple regression equations is 
obtained for a soil type, the erosion rate of that soil can be estimated for any shear stress 
value. The advantages of using this method to predict the erosion rate of soil are (i) that it 
provides a reasonable estimate of erosion rate based on two soil parameters which are 
easy to measure (ii) that it does not require any hydraulic experiment set up, such as a 
flume to measure the erosion rate, and (iii) that even though the experiment was 
performed by simulating streamflow conditions, this method can be useful in predicting 
land erosion. 
6.2. FUTURE RESEARCH 
The variation of water content in natural samples is high compared to that of 
prepared samples. Due to the limitations of the sample preparation process in this 
research, preparing samples with high water content was difficult. It was difficult to 
obtain a uniform compaction with high water content soil samples. Also the unit weights 
of the prepared samples were higher than those of natural samples. Hence, better sample 
preparation methods would be useful in refining the relationship for predicting soil 
erosion rate. Sample preparation by consolidation is a lengthy process, but it could 
produce samples with unit weight and water content similar to the natural samples. 
The effect of percentage silt is another factor that needs to be analyzed in future 
research. All the prepared samples used in this study to identify the soil parameters 
affecting the erosion rate had similar percentages of silt in them. The effect of silt may 
not be as obvious as the clay content, but it needs to be confirmed. 
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The effect of vegetation in the soil is another factor that can greatly affect soil 
erosion rate. The growth of vegetation depends on the soil properties and the water 
content of the soil. Roots can reinforce the soil and can cause higher erosion resistance. A 
quantification of the density of vegetation may be helpful in predicting erosion. It could 
be a complex study as vegetation can also affect erosion rate. The roots may also help 
break the bonds between soil particles and cause higher soil erosion. 
If the effect of the aforementioned factors on soil erosion rate of are analyzed and 
incorporated with the results found in this research, the multiple regression analysis can 
be performed with more predictor variables, which could better predict erosion rates. 
Also, with a greater number of natural samples, the statistical significance of the analysis 
method can be increased. 
The classification of natural soils using the USDA Soil Triangle was found to be a 
useful analysis method. If more experiments are performed on all the soil types in the 
USDA classification, the results established could be effectively used with modeling 
software. 
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Figure 0.6. Sampling Location of Soil Type 32 at Creve Coeur Creek 
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WET SIEVE ANALYSIS 
108 
W R - Weight Retained W p - Weight Passing 
Table C 1. Wet Sieve Analysis Results for Soil 20B Gravois Creek 
20B Gravois Creek Wet sieve 
Sieve No. Grain Size WR Wp %finer 
75 100 
4 4.75 0.13 210.07 99.93 
10 2 1.29 208.78 99.32 
20 0.85 10.53 198.25 94.32 
40 0.425 55.1 143.15 68.10 
200 0.075 93.52 49.63 23.611 
Lid 49.63 0 
210.2 
Table C2. Wet Sieve Analysis Results for Soil 20B Deer Creek 
20B Deer Creek Wet Sieve 
Sieve No. Grain Size WR Wp %finer 
75 100 
4 4.75 0.1 644.4 99.98 
10 2 1.9 642.5 99.69 
20 0.85 9.66 632.84 98.19 
40 0.425 37.21 595.63 92.42 
200 0.075 160.22 435.41 67.56 
Lid 435.41 0 
644.5 
Table C3. Wet Sieve Analysis Results for Soil20B Creve Coeur Creek 
20B Creve Coeur Creek Wet Sieve 
Sieve No. Grain Size WR Wp %finer 
75 100 
4 4.75 1.39 499.61 99.72 
10 2 1.57 498.04 99.41 
20 0.85 4.28 493.76 98.56 
40 0.425 5.87 487.89 97.38 
200 0.075 30.73 457.16 91.25 
Lid 457.16 0 
501 
Table C4. Wet Sieve Analysis Results for Soil 32 Gravois Creek 
32 Gravois Creek 
Grain 
Sieve No. Size WR Wp %finer 
75 100 
4 4.75 80.38 419.72 83.93 
10 2 53.41 366.31 73.25 
20 0.85 56.53 309.78 61.94 
40 0.425 93.39 216.39 43.27 
200 0.075 114.31 102.08 20.41 
Lid 102.08 0 
500.1 
Table C5. Wet Sieve Analysis Results for Soil32 Creve Coeur Creek 
32 Creve Coeur 
Grain 
Sieve No. Size WR Wp %finer 
75 100 
4 4.75 3.7 496.3 99.26 
10 2 2.6 493.7 98.74 
20 0.85 6.2 487.5 97.5 
40 0.425 13.2 474.3 94.86 
200 0.075 86.8 387.5 77.5 
Lid 387.5 0 
500 
Table C6. Wet Sieve Analysis Results for Soil 32 Grand Glaize Creek 
32 Grand Glaize 
Grain 
Sieve No. Size WR Wp %finer 
75 100 
4 4.75 36.7 463.3 92.66 
10 2 20.5 442.8 88.56 
20 0.85 39 403.8 80.76 
40 0.425 65.9 337.9 67.58 
200 0.075 123 214.9 42.98 
Lid 214.9 0 
500 
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Table C7. Wet Sieve Analysis Results for Soil 33 Gravois Creek 
33 Gravois Creek 
Grain 
Sieve No. Size WR Wp 
75 
4 4.75 5.28 494.72 
10 2 4.17 490.55 
20 0.85 7.43 483.12 
40 0.425 31.44 451.68 
200 0.075 151.63 300.05 
Lid 300.05 0 
500 
Table C8. Wet Sieve Analysis Results for Soil 33 Deer Creek 
33 Deer 
Grain 
Sieve No. Size WR Wp 
75 
4 4.75 6.5 493.5 
10 2 4.03 489.47 
20 0.85 9.22 480.25 
40 0.425 32.88 447.37 
200 0.075 242.73 204.64 
















Table C9. Wet Sieve Analysis Results for Soil33 Creve Coeur Creek 
33 Creve Coeur 
Grain 
Sieve No. Size WR Wp %finer 
75 50.07 100 
4 4.75 100.07 399.93 79.99 
10 2 12.39 387.54 77.51 
20 0.85 8.25 379.29 75.86 
40 0.425 5.1 374.19 74.84 
200 0.075 19.01 355.18 71.04 






Analyst name: Preetha Veeraraghavan 
Test date: 7127/2006 
Sample description: 208 Deer Creek- Sample #1 
Mass in suspension W0 = 50.00 g 
Specific unit weight G5 = 2.65 
Dispersing agent correction Cd = 4.00 g/L 
Menicus correction Cm = 0.50 g/L 
Cylinder diameter de= 6.00 em 
Hydrometer bulb volume Vb = 60 cm3 
Graduation Distance to 
mark on 
hydrometer bulb center 









Hydrometer Temperature Corrected Grain size 
Time (min) reading (OC) distance of (mm) (g/L) fall (em) 
t Rt Te HR D 
1 37 22 10.36 0.0430 
2 30 22 11 .55 0.0321 
4 25 22 12.40 0.0235 
8 20 22 13.25 0.0172 
15 18 22 13.59 0.0127 
30 17 22 13.76 0.0090 
60 15.5 21 .5 14.02 0.0065 
120 14.5 21 .5 14.19 0.0046 
240 14.2 21 14.24 0.0033 
900 13.5 21 14.36 0.0017 
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Analyst name: Preetha Veeraraghavan 
Test date: 811212006 
Sample description: 208 Deer Creek Sample #2 
Mass in suspension = 
Specific unit weight = 
Dispersing agent correction = 
Menicus correction = 
Cylinder diameter = 
Hydrometer number = 
Hydrometer Temperature 












































Clay fract1on (%) = 20.0 
0+---,----..--r-,--.,r-T'"T"TT""----..-.--.--.-..-.-rri 
0.001 0.01 




Analyst name: Preetha Veeraraghavan 
Test date: 7/29/2006 

























Mass in suspension W0 = 
Specific unit weight G5 = 
Dispersing agent correction Cd = 
Menicus correction Cm = 
Cylinder diameter de= 












































Clay fract1on (%) = 18.9 





















0.001 0.01 0.1 
Grain size (mm) 
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Hydrometer analysis 
Analyst name: Preetha Veeraraghavan 
Test date: 811512006 
Sample description: 208 Gravois Creek Sample #2 
Mass in suspension = 
Specific unit weight = 
Dispersing agent correction = 
Menicus correction = 








Corrected Percent Hydrometer Temperature Grain size Time (min) distance of fall finer by 















































HR D p 
10.51 0.0436 63.6 
11.15 0.0317 55.6 
11 .80 0.0231 47.6 
12.45 0.0168 39.6 
12.93 0.0125 33.6 
13.25 0.0089 29.6 
13.58 0.0064 25.6 
13.74 0.0046 23.4 
13.86 0.0033 21.8 
14.06 0.0017 19.4 
0+----r~~-rTTTn----~~,-rTTTri 
0.001 0.01 0.1 
Grain size (rnrn) 
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Hydrometer analysis 
Analyst name: Preetha Veeraraghavan 
Test date: 7128/2006 
Sample description: 208 Creve Coeur Creek Sample# 1 
Mass in suspension W0 = 
Specific unit weight G5 = 
Dispersing agent correction Cd = 
Menicus correction Cm = 
Cylinder diameter de= 




hydrometer bulb center 










Time (min) reading 
CC) (giL) 
t Rt Te 
1 40.5 22.5 
2 33 22.5 
4 29 22.5 
8 24 22 
15 20 22 
30 17.5 22 
60 16.5 21.75 
120 15.25 21.75 
240 15 21 .25 
900 13.5 21 .25 
Clay fract1on (%) = 21 .0 
...... 







!::: 40 l;::< 
























































Analyst name: Preetha Veeraraghavan 
Test date: 811212006 
Sample description: 208 Creve Coeur Sample #2 
Mass in suspension = 
Specific unit weight = 
Dispersing agent correction = 
Menicus correction = 
Cylinder diameter = 
Hydrometer number = 
Hydrometer Temperature 








17 21 .75 
16.25 21 .75 
16 21 .25 



















































Analyst name: Preetha Veeraraghavan 
Test date: 8/1612006 
Sample description: 32 Creve Coeur Creek Sample# 1 
Mass in suspension W0 = 
Specific unit weight G5 = 
Dispersing agent correction Cd = 
Menicus correction Cm = 
Cylinder diameter de= 
Hydrometer bulb volume Vb = 
Graduation Distance to 
mark on 
hydrometer bulb center 










Time (min) reading (oC) (g/L) 
t Rt Te 
1 43 22 
2 36 22 
4 29 22 
8 21 22 
15 20 21 .75 
30 17 21 .5 
60 16 21.5 
120 15.5 21 
240 15 20.75 
900 14 21 .25 
Clay fract1on (%) = 21.8 
:0 100 
/;)!) 
"Q) 80 ~ 
>-. 60 .D 
..... 
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= 40 !.;:: 
...... 






















































Analyst name: Preetha Veeraraghavan 
Test date: 8119/2006 
Sample description: 32 Creve Coeur Creek Sample #2 
Mass in suspension = 
Specific unit weight = 
Dispersing agent correction = 
Menicus correction = 
Cylinder diameter = 
Hydrometer number = 
Hydrometer Temperature 












































Clay fraction (%) = 20.3 
o +----r---.~--r-T""T""T"T"T--..-~-.-.....-r-T""T"T"i 
0.001 0.01 




Analyst name: Preetha Veeraraghavan 
Test date: 8/ 11/2006 
Sample description : 32 Grand Glaize Creek Sample# 1 
Mass in suspension W0 = 
Specific unit weight G. = 
Dispersing agent correction Cd = 
Menicus correction Cm = 
Cylinder diameter de= 




hydrometer bulb center 










Time (min) reading (OC) (g/L) 
t Rt Te 
1 39.5 22 
2 30 22 
4 26 22 
8 22.5 22 
15 20 22 
30 17 22 
60 16.5 21 .75 
120 16 21 .5 
240 15 21 .5 
900 14 21 
Clay fraction(%)= 21.8 
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Analyst name: Preetha Veeraraghavan 
Test date: 811712006 
Sample description: 32 Grand Glaize Creek Sample #2 
Mass in suspension = 
Specific unit weight = 
Dispersing agent correction = 
Menicus correction = 
Cylinder diameter = 
Hydrometer number = 
Hydrometer Temperature 













































Clay fraction(%)= 21 .9 
0+---~~~~~~----~~~~rrrl 
0.001 0.01 




Analyst name: Preetha Veeraraghavan 
Test date: 8111/2006 
Sample description: 32 Gravois Creek Sample# 1 
Mass in suspension W0 = 
Specific unit weight G8 = 
Dispersing agent correction Cd = 
Menicus correction Cm = 
Cylinder diameter de= 
Hydrometer bulb volume Vb = 
Graduation Distance to 
mark on 
hydrometer bulb center 










Time (min) reading (OC) (g/L) 
t Rt Te 
1 41 .5 22 
2 38 22 
4 30 22 
8 25 22 
15 21 22 
30 18.5 21 .75 
60 17.5 21 .5 
120 16.5 21 .5 
240 15 21 .25 
900 13.25 21 
Clay fract1on (%) = 20.5 
-...s:l 01) 
100 
"ii) 80 ~ 
:>.. 60 ..D 
.... Q) 
t: 40 t;:: 





















































Analyst name: Preetha Veeraraghavan 
Test date: 811512006 
Sample description: 32 Gravois Creek Sample #2 
Mass in suspension = 
Specific unit weight = 
Dispersing agent correction = 
Menicus correction = 
Cylinder diameter = 
Hydrometer number = 
Hydrometer Temperature 



















































Analyst name: Preetha Veeraraghavan 
Test date: 811712006 
Sample description: 33 Creve Coeur Creek Sample# 1 
Mass in suspension W0 = 
Specific unit weight G. = 
Dispersing agent correction Cd = 
Menicus correction Cm = 
Cylinder diameter de= 
Hydrometer bulb volume Vb = 
Graduation Distance to 
mark on 
hydrometer bulb center 










Time (min) reading CC) (g/L) 
t Rt Te 
1 43 22 
2 36 22 
4 30 22 
8 21 22 
15 19 22 
30 17 22 
60 15.5 21.75 
120 14.5 21.5 
240 14 21 .25 
900 12.5 21 
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Corrected Grain size 












































Analyst name: Preetha Veeraraghavan 
Test date: 812012006 
Sample description: 33 Creve Coeur Creek Sample #2 
Mass in suspension = 
Specific unit weight = 
Dispersing agent correction = 
Menicus correction = 
Cylinder diameter= 
Hydrometer number = 
Hydrometer Temperature 













































Clay fract1on (%) = 21.5 
0+---~-r-r~~~--~-r~~~ 
0.001 0.01 




Analyst name: Preetha Veeraraghavan 
Test date: 811612006 
Sample description: 33 Deer Creek Sample # 1 
Mass in suspension W0 = 
Specific unit weight G5 = 
Dispersing agent correction Cd = 
Menicus correction Cm = 
Cylinder diameter de= 




hydrometer bulb center 










Time (min) reading (OC) (g/L) 
t Rt Te 
1 40 22 
2 35 22 
4 28 22 
8 24 22 
15 20 21 .75 
30 17 21.5 
60 16 21 .25 
120 15.25 21 
240 15 20.75 
900 14.5 21 .25 
Clay fract1on (%) = 22.6 
.15 100 
OJ) 
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Analyst name: Preetha Veeraraghavan 
Test date: 812012006 
Sample description: 33 Deer Creek Sample #2 
Mass in suspension = 
Specific unit weight = 
Dispersing agent correction = 
Menicus correction = 
Cylinder diameter = 
Hydrometer number = 
Hydrometer Temperature 



















































Analyst name: Preetha Veeraraghavan 
Test date: 8116/2006 
Sample description: 33 Gravois Creek Sample# 1 
Mass in suspension W0 = 
Specific unit weight G5 = 
Dispersing agent correction Cd = 
Menicus correction Cm = 
Cylinder diameter de= 
Hydrometer bulb volume Vb = 
Graduation Distance to 
mark on 
hydrometer bulb center 










Time (min) reading (OC) (g/L) 
t Rt Te 
1 40 22 
2 35 22 
4 28 22 
8 24 22 
15 20 21 .75 
30 17 21 .5 
60 16 21 .25 
120 15.25 21 
240 15 20.75 
900 14 21 .25 
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Analyst name: Preetha Veeraraghavan 
Test date: 811712006 
Sample description: 33 Gravois Creek Sample #2 
Mass in suspension = 
Specific unit weight = 
Dispersing agent correction = 
Menicus correction = 
Cylinder diameter = 
Hydrometer number = 
Hydrometer Temperature 










15.75 21 .5 









































ATTERBERG LIMT TEST 
Table E 1. Atterberg Limit Test Results for Soil 20B from Gravois Creek 







No.ofBlows W, + We (g) Wd +We (g) W,(g) (g) Content 
21 35.3 30.3 23.9 18.9 
12 51.9 43 .1 40.1 31.3 
8 47.8 39.8 36 28 
4 53 43.3 42 32.3 
208 Gravois 
32 .------.---~-.-----~~~------~--r-~~~ .... 
31 +-----~--~-4~-+,_~r-----,_--~-+-+-r+;~ 
~ 30 +-----~--~~~-+,_rrr-----;---+--+-+-r+1~ ~ """r--.., ~ 29 +-----~--~-+~-T~~drrr-----1---+--+-+-r+~ 
0 "'- .... 
~ 28+---~~~~~++++~~~~--~-r~+++H 









No. ofb1ows + 20grav 
-Log. (20grav) 
Plastic Limit Test 
We wd Moisture 
Sample# (g) Ws+ We (g) Wd +We (g) W, (g) (g) Contnent 
PL1 10.8 22.8 20.7 12 9.9 2 1.21 
131 
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Table E2. Atterberg Limit Test Results for Soil 20B from Deer Creek 
Liquid Limits 
Wd+Wc wd Moisture Sample# No.ofB!ows Ws+ We (g) (g) We (g) w . (g) (g) Content 
LLI 31 43.8 35.6 11.8 32 23.8 34.45 
LL2 26 43.3 34.9 10.7 32.6 24.2 34.71 
LL3 20 43.3 34.6 10.7 32.6 23.9 36.40 
LL4 17 43.6 34.7 10.6 33 24.1 36.93 
20B Deer 















34.0 +------..J._ __ __,_ _ .L.._._L-__,_____,_.__..__, 
10 100 
No . ofblows + 20B Deer j 
-Log. (20B Deer) 
Plastic Limit 
Wd+Wc w d Moisture 
Sam__gle# Ws+ We_{gl (g) We (g) w . (g) (g) Contnent 
PLI 26.2 23.4 11.8 14.4 11.6 24.14 








Blows Ws+ Wc_{g) (g) We (g) WsJg) Wd(g) 
32 38.2 31.7 11.9 26.3 
28 41.9 34.1 10.78 31.12 
23 48.8 39.3 11.39 37.41 
18 50.2 40.2 11.7 38.5 
20B Creve 
35.50 ...--- ----.- --.--- -.-- -.---.--.--.--,--, 
35.00 +----...::l·~\+---+--+---+-t-t-t--1H 
'E j 34.50 +-----~\.---+---+-+--+-+-+--t--1 
e: 34.00 +------+-~--+---+-+---+-+-+--t--1 .~ 33.50 +------+--\.~r+----+-+--+-+-+--t--1 ~ ' 33.00 +-----+---ft.~:---+-+--+-+-+--t-1 







+ 20B Creve I 
-Log. (20B Creve) No . of Blows 
Plastic Limit 
Wd+Wc Moisture 
Sample# Ws+ We (g) (g) We (g) Ws(g) wd (g) Contnent 
PLl 17.1 16.2 11.22 5.88 4.98 18.07 








Table E4. Atterberg Limit Test Results for Soil 32 from Gravois Creek 
Liquid Limit 
No. of Ws+ We Wd+Wc 




28 37.5 32 11.06 26.44 
20 32.3 27.7 11.01 21.29 
16 31.8 27.1 10.77 21.03 
32 Gravois 
29.00 -,------r----r----.-.,---.--.--,--,---, 
'E 28.50 +----"*\~----+---+--t--+-+-t--i-i 
'El 28.00 +----~,n----t---+-+--+--t---t---t-1 
0 









No. ofBJows I • 32 Grev I 
-Log. (32 Grev) 
Plastic Limit 
Wd+ Wc Moisture 
Sample# Ws+ We (g) (g) We (g) w . (g) w d (g) Contnent 








Table E5. Atterberg Limit Test Results for Soil 32 from Creve Coeur Creek 
Liquid Limit 
No.of W, +We Wd+Wc Moisture 
Sample# Blows (g) (g) We (g) W,(g) Wd_{gl Contnent 
LLI 31 38.9 32.9 11.06 27.84 21.84 27.47 
LL2 26 38.6 31.6 10.77 27.83 20.83 33.61 
LL3 20 38.1 31.4 11.8 26.3 19.6 34.18 
LL4 16 38.8 31.6 11.68 27.12 19.92 36.14 




~ 33.00 0 0 
~ 31.00 
.!!l 




No. of Blows + 32 Creve Coeur 
Plastic Limit 
Wd+Wc Moisture 
Sample# W, + We (g) (g) We (g) W,(g) wd (g) Contnent 
PLI 26.5 23.5 11.13 15.37 12.37 24.25 
PL2 31.3 27.5 11.01 20.29 16.49 23.04 
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Table E6. Atterberg Limit Test Results for Soil 32 from Grand Glaize Creek 
Liquid Limits 
No.of Ws+Wc Wd+Wc Moisture 
Sample# Blows (g) (g) We (g) Ws_ig}_ Wd_(g) Contnent 
LLl 34 38.9 32.1 11.02 27.88 21.08 32.26 
LL2 27 39.2 32.3 11 .79 27.41 20.51 33.64 
LL3 24 39.6 32.5 11 .79 27.81 20.71 34.28 
LL4 15 47.7 37.9 11.79 35.91 26.11 37.53 







u 35.00 ~ ., ~ 34.00 ~ .... 33 .00 0 [\. ~ 32.00 
31.00 
10 + 32 Grand G1aize 
No. ofB1ows 
- Log. (32 Grand 
Plastic Limit 
Ws+ Wc Wd+Wc Moisture 
Sample# (g) (g) Wc(g) Ws(g) Wd(gl Contnent 
PLl 20.5 18.5 10.98 9.52 7.52 26.60 
PL2 21.1 19.1 11.45 9.65 7.65 26.14 
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Table E7. Atterberg Limit Test Results for Soil 33 from Gravois Creek 
Liquid Limit 
No.of Ws+ We Wd+Wc Moisture 
Sample# Blows (g) (g) We (g) Ws(g) wd (g) Contnent 
LLl 37 39.9 33.7 11.9 28 21.8 28.44 
LL2 34 46.7 38.6 11.22 35.48 27.38 29.58 
LL3 27 50.7 41.7 11.77 38.93 29.93 30.07 
LL4 25 51.5 42.2 11.7 39.8 30.5 30.49 





" {l 31.00 
' 
0 
v 30.00 el 
"!'{ 
.a 
. ):l 29.00 ... 0 
:a; • 28 .00 
27.00 
10 1nn 
• 33 Gravois No. of Blows 
-Log. (33 Gravois) 
Plastic Limit 
Ws+ We Wd+Wc Moisture 
Sample# (g) (g) We (g) Ws(g) Wd(g) Contnent 
PLl 27.9 24.8 10.78 17.12 14.02 22.11 
PL2 29.6 26.4 11.39 18.21 15.01 21.32 
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Table E8. Atterberg Limit Test Results for Soil 33 from Deer Creek 
Liquid Limit 
No.of W,+ We Wd+Wc Moisture 
Sample# Blows (g) (g) We {g) W,_(gl Wd__{gl Contnent 
LLI 34 38.9 33.2 10.91 27.99 22.29 25.57 
LL2 26 40.1 33.7 11.17 28.93 22.53 28.41 
LL3 20 41.1 34.6 11.92 29.18 22.68 28.66 





."""' ~ 29 .00 
"' 
0 ~ • u ~ 28.00 
"""' 
.a 




10 No. of B!ows I + 33 Deer )I - Log. (33 Deer) 
Plastic Limit 
W,+ We Wd+Wc Moisture 
Sample# (g) (g) We (g) W, (g) wd (g) Contnent 
PLI 33.2 29.6 11 .78 21.42 17.82 20.20 
PL2 28.8 25 .8 11.05 17.75 14.75 20.34 
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Table E9. Atterberg Limit Test Results for Soil 33 from Creve Coeur Creek 
Liquid Limit 
No. of W, +We Wct+Wc Moisture 
Sample# Blows (g) (g) We (g) W, (g) wd (g) Contnent 
LLl 48 42 34.7 11.63 30.37 23 .07 31.64 
LL2 42 40.1 33 11.01 29.09 21.99 32.29 
LL3 38 38.8 31.8 10.77 28.03 21.03 33.29 
LL4 28 35 28.8 10.78 24.22 18.02 34.41 
LL5 21 45. 1 36.5 11.8 33.3 24.7 34.82 
LL6 16 52.6 41.6 10.98 41.62 30.62 35.92 
33 Creve I + 33 Creve 
1 
I 
38 .00 -Log. (33 Creve) 
37 .00 
'E 36 .00 ~ {! 35 .00 
0 ~~. u 34.00 ~ 
'-• .a 33.00 . ):I ..... ~ 0 )1 32 .00 
• 31.00 
30 .00 
10 No. of Blows 100 
Plastic Limit 
W,+ We Wct+Wc Moisture 
Sample# (g) (g) We (g) W, (g) wd (g) Contnent 
PLI 33 29.2 11.77 21.23 17.43 2 1.80 
PL2 30 26.9 11 .22 18.78 15.68 19.77 





































' ~ ~ 
No. of Blows 
Wd+Wc 
(g) We (g) 
24.9 11.9 
20.2 10.77 
We (g) Ws(g) wd (g) 
11.17 40.53 34.63 
11.45 32.65 27.45 
11.08 36.02 30.12 
11.8 34.4 28.4 
y -ei .12 lx)+38.789 
.9752 
L 
R = ~ 
100 
Moisture 
Ws(g) wd (g) Content 
14.6 13 12.31 




















i 26 .00 
Cl 25.00 j 24 .00 






















t. ~ ~ 
No. ofBiowl 
Wd+ 
Wc(g) We (g) 
23 .1 10.8 
23.5 11.7 
We (g) W,(g) wd (g) 
11.92 34.78 28.28 
11.01 44.89 35.99 
11.8 49.7 40.2 
11.8 46.5 36.9 
y= -4 .5373Ln(x) + 39.113 
R - .9453 
100 
Moisture 
W, (g) wd (g) Contnent 
13.8 12.3 12.20 










WATER CONTENT TEST 
143 
Table Fl. Water Content Test Results for Soi120B Deer 
Wt.of Wt. ofwet Wt. of dry Container Container, Sample+ sample+ % # Container, Container, Ws Wd Ww Moisture We Ws+We Wd+We 
(g) (g) (g) (g) (g) (g) 
5 50.9 175.26 147.2 125.11 97.05 28.06 28.91 
10 49.61 163.26 133.89 113.65 84.28 29.37 34.85 
8 51.5 179.23 145.53 127.73 94.03 33.7 35.84 
6 50.15 145.53 120.83 95.38 70.68 24.7 34.95 
33.64 
Table F2. Water Content Test Results for Soi120B Creve Coeur 
Wt. of Wt. of dry 
Wt.of wet 
Container# Container, Sample+ 
sample+ Ws Wd Ww % Container, Moisture 
We Container, Wd+We Ws+We 
g g g g g g 
8 51.5 167.94 142.96 116.44 91.46 24.98 27.31 
5 50.9 174.3 147 123.4 96.1 27.3 28.41 
10 49.61 237.71 193.91 188.1 144.3 43.8 30.35 
28.69 
Table F3. Water Content Test Results for Soi132 Creve Coeur 
Wt.of Wt. ofwet 
Wt. of dry 
Sample+ sample+ % 
Container# Contain Ws Wd Ww Container, Container, Moisture 
er, We Ws+We Wd+We 
g g g g g g 
8 51.5 155.76 127.82 104.26 76.32 27.94 36.61 
5 50.9 207.89 168.04 156.99 117.14 39.85 34.02 
35.31 
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Table F4. Water Content Test Results for Soil32 Grand Glaize 
Wt. of Wt. of dry Wt.of wet 
Container# Container, Sample+ sample+ Ws Wd Ww % 
We Container, Container, Moisture 
Ws+We Wd+We 
g g g g g g 
10 49.61 186.33 146.71 136.72 97.1 39.62 40.80 
8 51.5 159.68 129.23 108.18 77.73 30.45 39.17 
5 50.9 130.53 107.15 79.63 56.25 23.38 41.56 
40.51 
Table F5. Water Content Test Results for Soil32 Grand Glaize 
Wt. of Wt. of dry Wt.of wet 
Container# Container, Sample+ sample+ Ws Wd Ww 
% 
Container, Moisture 
We Container, Wd+We Ws+We 
g g g _g_ g g 
10 49.61 256.55 207.42 206.94 157.81 49.13 31.13 
8 51.5 325.33 264.82 273.83 213.32 60.51 28.37 
5 50.9 232.59 195.73 181.69 144.83 36.86 25.45 
28.31 
Table F6. Water Content Test Results for Soil33 Deer 
Wt.of 
Wt. ofwet Wt. of dry 
Container Sample+ sample+ % Container, Ws Wd Ww 
# Container, Container, Moisture We Ws+We Wd+We 
g g g g g_ g 
8 51.5 224.77 184.67 173.27 133.17 40.1 30.11 
10 49.61 179.22 148.82 129.61 99.21 30.4 30.64 
30.38 
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Table F7. Water Content Test Results for Soil33 Creve Coeur 
Wt.of Wt. ofwet Wt. of dry Container Container, Sample+ sample+ % # Container, Container, Ws Wd Ww We Moisture Ws+We Wd+Wc 
g g g g g g 
11 51.5 255 207.7 203.5 156.2 47.3 30.28 
5 50.9 298 241 247.1 190.1 57 29.98 
30.13 
Table F8. Water Content Test Results for Soil A1 
Container# Wt. of Wt. of dry Wt.of wet 





(g) (g) (g) (g) (g) (g) 
10 49.61 186.94 170.08 135.44 118.58 16.86 14.22 
5 50.9 201.93 183.03 151.03 132.13 18.9 14.30 
8 51.5 196.98 178.16 145.48 126.66 18.82 14.86 
14.4603 
Table F9. Water Content Test Results for Soil A2 
Wt. of Wt. of dry 
Wt.of wet sample+ % 
Container# Container, Sample+ Container, Ws 
Wd Ww Moisture 
We Container, Wd+Wc 
Ws+We 
(g) (g) (g) (g) (g) (g) 
10 49.61 330.5 289.94 279 238.44 40.56 17.01 
5 50.9 246.99 218.32 196.09 167.42 28.67 17.12 
8 51.5 217.77 193.73 166.27 142.23 24.04 16.90 
17.0125 
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Table FlO. Water Content Test Results for Soil A3 
Wt. of Wt. of dry Wt.of wet 
Container# Container, Sample+ sample+ Ws Wd Ww % 
We Container, Container, Moisture 
Ws+We Wd+We 
(g) (g) (g) (g) (g) (g) 
5 50.9 287.3 257.97 235.8 206.47 29.33 14.21 
10 49.61 160.95 147.22 111.34 97.61 13.73 14.07 
8 51.5 153.36 140.89 101.86 89.39 12.47 13.95 
14.0739 
Table Fll. Water Content Test Results for Soil A4 
Wt. of Wt. of dry Wt.of wet 
Container# Container, Sample+ 
sample+ Ws Wd Ww % Container, Moisture 
We Container, Wd+We Ws+We 
(g) (g) (g) (g) (g) (g) 
5 50.9 222.69 201.39 172.54 151.24 21.3 14.08 
10 49.61 179.22 162.82 129.61 113.21 16.4 14.49 
8 51.5 220.29 199.29 168.79 147.79 21 14.21 
6 50.15 273.71 245.76 223.56 195.61 27.95 14.29 
14.267 
Table F12. Water Content Test Results for Soil A5 
Wt. of Wt. of dry 
Wt.of wet sample+ % 
Container# Container, Sample+ Container, Ws 
Wd Ww Moisture 
We Container, Wd+We 
Ws+We 
(g) (g) (g) (g) (g) (g) 
5 50.9 168.22 152.8 118.07 102.65 15.42 15.02 
10 49.61 168.3 152.47 118.69 102.86 15.83 15.39 
8 51.5 221.5 199.1 170 147.6 22.4 15.18 
6 50.15 169.05 153.53 118.9 103.38 15.52 15.01 
15.1501 
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Table F 13. Water Content Test Results for Soil A6 
Wt. of Wt. of dry Wt.of wet 
Container# Container, Sample+ sample+ Ws Wd Ww % 
We Container, Container, Moisture 
Ws+We Wd+We 
(g) (g) (g) (g) (g) (g) 
5 50.9 165.98 151.64 115.83 101.49 14.34 14.13 
10 49.61 194.82 176.65 145.21 127.04 18.17 14.30 
8 51.5 211.77 191.28 160.27 139.78 20.49 14.66 
6 50.15 213.64 193.26 163.49 143.11 20.38 14.24 
14.3329 
Table F14. Water Content Test Results for Soil A7 
Wt. of Wt. of dry 
Wt.of wet 
Container# Container, Sample+ 




(g) (g) (g) (g) (g) (g) 
5 50.9 280.2 254.13 230.05 203.98 26.07 12.78 
10 49.61 228.7 208.95 179.09 159.34 19.75 12.39 
8 51.5 216.8 198.39 165.3 146.89 18.41 12.53 
6 50.15 265.5 241.37 215.35 191.22 24.13 12.62 
12.5819 
Table F15. Water Content Test Results for Soil A8 
Wt.of 
Wt. ofwet Wt. of dry 
Sample+ sample+ % 
Container# Container, Ws Wd Ww Container, Container, Moisture 
We Ws+We Wd+We 
(g) (g) (g) (g) (g) (g) 
5 50.9 267.02 242.44 216.87 192.29 24.58 12.78 
10 49.61 349.76 315.64 300.15 266.03 34.12 12.83 
8 51.5 204.33 187.28 152.83 135.78 17.05 12.56 
6 50.15 250.57 228.17 200.42 178.02 22.4 12.58 
12.6871 
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Table Fl6. Water Content Test Results for Soil B1 
Wt. of 
Wt. of dry Wt.of wet 
Container# Container, Sample+ sample+ Ws Wd Ww % 
We Container, Container, Moisture 
Ws+We Wd+We 
(g) (g) _{g) (g) (g) (g) 
5 50.9 213.36 187.04 213.36 187.04 26.32 14.07 
10 49.61 159.47 145.34 109.86 95.73 14.13 14.76 
8 51.5 270.59 243.35 219.09 191.85 27.24 14.20 
14.3436 
Table F17. Water Content Test Results for Soil B2 
Wt. of Wt. of dry Wt.of wet 
Container# Container, Sample+ sample+ Ws Wd Ww % 
We Container, Container, Moisture 
Ws+We Wd+We 
(g) (g) (g) (g) (g) (g) 
5 50.9 247.67 221.93 197.52 171.78 25.74 14.98 
10 49.61 282.11 251.82 232.5 202.21 30.29 14.98 
8 51.5 279.29 250.04 227.79 198.54 29.25 14.73 
6 50.15 241.79 217.28 191.64 167.13 24.51 14.67 
14.8404 
Table F18. Water Content Test Results for Soil B3 
Wt.of 
Wt. ofwet Wt. of dry 
Sample+ sample+ % 
Container# Container, Ws Wd Ww Container, Container, Moisture 
We Ws+We Wd+We 
(g) _(g)_ (g) (gl (g) (g) 
5 50.9 223.95 202.04 173.8 151.89 21.91 14.42 
10 49.61 237.34 213.63 187.73 164.02 23.71 14.46 
8 51.5 214.97 194.3 163.47 142.8 20.67 14.47 
6 50.15 235.34 211.9 185.19 161.75 23.44 14.49 
14.4617 
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Table F19. Water Content Test Results for Soil B4 
Wt. of Wt. of dry Wt.of wet 
Container# Container, Sample+ sample+ Ws Wd Ww % 
We Container, Container, Moisture 
Ws+We Wd+We 
(g) (g) (g) (g) (g) (g) 
5 50.9 244.49 217.53 194.34 167.38 26.96 16.11 
10 49.61 171.36 154.54 121.75 104.93 16.82 16.03 
8 51.5 220.15 196.63 168.65 145.13 23.52 16.21 
6 50.15 217.86 194.5 167.71 144.35 23.36 16.18 
16.1315 
Table F20. Water Content Test Results for Soil C1 
Wt.of Wt. ofwet 
Wt. of dry 
Container# Container, Sample+ 
sample+ Ws Wd Ww % Container, Container, Moisture We Ws+We Wd+We 
(g) (g) (g) (g) (g) (g) 
5 50.9 266.86 236.41 215.96 185.51 30.45 16.41 
10 49.61 246.86 219.22 197.25 169.61 27.64 16.30 
16.36 
Table F21. Water Content Test Results for Soil C2 
Wt. of Wt. of dry 
Wt.of wet sample+ % 
Container# Container, Sample+ Container, Ws 
Wd Ww Moisture 
We Container, Wd+We 
Ws+We 
(g) (g) (g) (g) (g) (g) 
5 50.9 273.47 239.47 222.57 188.57 34 18.03 
10 49.61 281.81 246.41 232.2 196.8 35.4 17.99 
8 51.5 260.38 229.54 208.88 178.04 30.84 17.32 
17.7801 
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Table F22. Water Content Test Results for Soil C3 
Wt. of Wt. of dry Wt.of wet 
Container# Container, Sample+ sample+ Ws Wd Ww % 
We Container, Container, Moisture 
Ws+We Wd+We 
(g) (g) (g) (g) (g) (g) 
5 50.9 288.69 253.92 237.79 203.02 34.77 17.13 
10 49.61 308.37 270.53 258.76 220.92 37.84 17.13 
8 51.5 235.28 208.3 183.78 156.8 26.98 17.21 
17.1538 
Table F23 Water Content Test Results for Soil C4 
Wt. of Wt. of dry 
Wt.of wet 
sample+ % 
Container# Container, Sample+ Container, Ws Wd 
Ww Moisture 
We Container, Wd+We Ws+We 
(g) (g) (g) (g) (g) (g) 
5 50.9 139.73 126.63 88.83 75.73 13.1 17.30 
10 49.61 201.36 179.22 151.75 129.61 22.14 17.08 
8 51.5 188.64 168.39 137.14 116.89 20.25 17.32 
17.2348 
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T bl G1 U "t W . h T a e m e1g t est Resu ts for Soil 20B Gravois Creek 
Wt. ofWet Wt. of Wt. of Volume 
sample+ Wet of Wet Unit Dry unit wt. = y Sample Container, Container Sample Container Weight, /(1 +w), 
Ws+We We Ws v 'Y 'Yd 
(g) (g) (g) (cm3) (g/cm3) (g/cm3) 
150 kPa 2236.2 2051 185.2 101.29 1.83 1.36 
200 kPa 2235.4 2051 184.4 101.29 1.82 1.36 
300 kPa 2237.6 2051 186.6 101.29 1.84 1.37 
Average 1.83 1.36 
T bl G2 U "t W . ht T t R It u S ·1 20B D C k a e m e1g1 es esu s or 01 eer ree 
Wt. ofWet Wt. of Wt. of 
Volume Wet Unit Dry unit wt. = y 
sample+ Wet of Sample Container, Container Sample Container 
Weight /(l+w), 
Ws+We We Ws v 'Y 
'Yd 
g g g cm3 g/cm3 g/cm3 
150 kPa 2206.2 2051 155.2 101.29 1.53 1.19 
200 kPa 2225.4 2050 175.4 101.29 1.73 1.35 
300 kPa 2224.8 2051 173.8 101.29 1.72 1.33 
Average 1.66 1.29 
bl G3 U . W . h T t R It u S ·1 20B C Ta e mt e1gl t es esu s or 01 reve Coe rCreek u 
Wt. ofWet Wt. of 
Wt. of Volume Wet Unit Dry unit wt. = y 
sample+ Container 
Wet of Weight /(1 +w), Sample Container, Sample Container 
Ws+We 
We Ws v 'Y 
'Yd 
g g g cm3 g/cm3 g/cm3 
150 kPa 2209.5 2051 158.5 101.29 1.67 1.23 
200 kPa 2220.1 2050 170.1 101.29 1.68 1.24 
300 kPa 2224.6 2051 173.6 101.29 1.71 1.27 
Average 1.69 1.25 
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T b1 G4 U 't W . ht T R 1 :6 a e m etgJ est esu ts or Soi132 Grand G1aize Creek 
Wt. ofWet Wt. of Wt. of Volume 
sample+ Wet of Wet Unit Dry unit wt. = y Sample Container, Container Sample Container Weight /(l+w), 
Ws+We We Ws v "( 'Yd 
g g g cm3 g/cm3 
150 kPa 2217.8 2051 166.8 101.29 1.65 1.18 
200 kPa 2221.5 2051 170.5 101.29 1.68 1.20 
300 kPa 2216.6 2051 165.6 101.29 1.63 1.16 
Average 1.65 1.18 
T b1 G5 U 't W . ht T R 1 :6 S '1 32 G a e m e1 est esu ts or 01 . c k raVOIS ree 
Wt. of Wt. of Volume 
Wet Wt. of Wet of Wet Unit 
Dry unit wt. = y 
Sample sample+ Container Sample Container Weight 
/(l+w), 
Container, We Ws v "( 'Yd 
Ws+We 
g g g cm3 g/cm3 g/cm3 
150 kPa 2224.7 2051 173.7 101.29 1.71 1.34 
200 kPa 2226.4 2051 175.4 101.29 1.73 1.35 
300 kPa 2222.2 2051 171.2 101.29 1.69 1.32 
Average 1.71 1.33 
T b1 G6 U 't W · ht T t R 1t for Soi132 Deer Creek a e m e1~ es esu s 
Wt. of Wt. of Volume 
Wet Wt. of Wet of 
Wet Unit Dry unit wt. = y 
Sample sample+ Container Sample Container 
Weight /(l+w), 
Container We Ws v 
"( Yd 
, Ws+We 
g g g cm3 g/cm3 g/cm3 
100 kPa 2219.9 2051 168.9 101.29 1.67 1.28 
200 kPa 2215.17 2051 164.17 101.29 1.62 1.25 
300 kPa 2217.8 2051 166.8 101.29 1.65 1.27 
Average 1.65 1.27 
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T bi G7 U 't W . h T R a e m e1g1 t est esuits for Soil 33 Creve Coeur Creek 
Wt. ofWet Wt. of Wt. of Volume 
sample+ Wet of Wet Unit Dry unit wt. = y Sample Container, Container Sample Container Weight /(1 +w), 
Ws+We We Ws v y Yd 
~ g; g cm3 g/cm3 g/cm3 
I 50 kPa 2224.5 2051 173.5 101.29 1.71 1.31 
200 kPa 2219.2 2051 168.2 101.29 1.66 1.27 
150kPa 2219.5 2051 168.5 101.29 1.66 1.28 
Average 1.68 1.29 
T bi G8 U 't W . ht T t R It fl S 'I AI a e m e1g es esu s or 01 
Wt. of Wt. of Volume Wet Wt. of Wet of Wet Unit 
Dry unit wt. = y 
Sample sample+ Container Sample Container Weight, 
/(l+w), 
Container, We Ws v 1 Yd Ws+Wc 
(g) (g) (g) (cm3) (g/cm3) (g/cm3) 
150 kPa 2221.6 2051 170.6 101.29 1.68 1.47 
200 kPa 2219.3 2050 169.3 101.29 1.67 1.46 
300 kPa 2222.8 2051 171.8 101.29 1.70 1.48 
Average 1.68 1.47 
T bi G9 U . W . h T R It fl S 'I A2 a e mt et!l t est esu s or 01 
Wt. ofWet Wt. of Wt. of 
Volume Wet Unit Dry unit wt. = y 
Sample sample+ Container 
Wet of Weight, /(l+w), 
Container, Sample Container 
Ws+We We Ws v 
y Yd 
(g) (g) (g) (cm3) (g/cm3) (g/cm3) 
150 kPa 2257.8 2051 206.8 101.29 2.04 1.74 
200 kPa 2261.8 2051 210.8 101.29 2.08 1.78 
300 kPa 2267.5 2051 216.5 101.29 2.14 1.83 
Average 2.09 1.78 
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T bl G10 U . W . h a e mt etgJ t Test Results for Soil A3 
Wt. ofWet Wt. of Wt. of Volume 
sample+ Wet Wet Unit Dry unit wt. = y Sample Container of Container, Sample Container Weight, /(l+w), We Ws+We Ws v y Yd 
(g) (g) (g) (cm3) (g/cm3) (g/cm3) 
100kPa 2256.9 2051 205.9 101.29 2.03 1.78 
150 kPa 2252.8 2051 201.8 101.29 1.99 1.75 
200 kPa 2248.2 2051 197.2 101.29 1.95 1.71 
300 kPa 2253.8 2051 202.8 101.29 2.00 1.76 
Average 1.99 1.75 
T bl G 11 U . W . h T R 1 fi a e mt etg, t est esu ts or Soil A4 
Wt. ofWet Wt. of 
Wt. of Volume Wet Unit Dry unit wt. = y 
sample+ Wet of Sample Container, Container Sample Container 
Weight, /(l+w), 
Ws+We 
We Ws v y Yd 
(g) (g) (g) (cm3) (g/cm3) (g/cm3) 
150 kPa 2264.1 2051 213.1 101.29 2.10 1.84 
200 kPa 2260.1 2051 209.1 101.29 2.06 1.81 
300 kPa 2269.1 2051 218.1 101.29 2.15 1.88 
400 kPa 2262.7 2051 211.7 101.29 2.09 1.83 
Average 2.11 1.84 
T bl G 12 U . W . h T t R It fi S '1 A5 a e mt etgJ t es esu s or 01 
Wt. ofWet Wt. of 
Wt. of Volume Wet Unit Dry unit wt. = y 
sample+ Wet of 
Sample Container, 
Container Sample Container 
Weight, /(l+w), 
Ws+We 
We Ws v 
y Yd 
(g) (g) (g) (cm3) (g/cm3) (g/cm3) 
100 kPa 2269.5 2051 218.5 101.29 2.16 
1.87 
150 kPa 2268.9 2051 217.9 101.29 2.15 
1.87 
200 kPa 2264.4 2051 213.4 101.29 2.11 
1.83 
300 kPa 2267.8 2051 216.8 101.29 2.14 
1.86 
Average 2.14 1.86 
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Table Gl3 U "t W . ht T R I :D m e1g1 est esu ts or Soil A6 
Wt. ofWet 
Wt. of Wt. of Volume 
sample+ Wet of Wet Unit Dry unit wt. = y Sample 
Container, Container Sample Container Weight, /(l+w), We Ws+We Ws v y Yd 
(g) (g) (g) (cm3) (g/cm3) (g/cm3) 
100 kPa 2262 2051 211 101.29 2.08 1.82 
150 kPa 2266.9 2051 215.9 101.29 2.13 1.86 
200 kPa 2262.4 2051 211.4 101.29 2.09 1.83 
300 kPa 2266.2 2051 215.2 101.29 2.12 1.86 
Average 2.11 1.84 
T b1 G14 U . W . h T R 1 :D S "1 A a e mt e1g1 t est esu ts or 01 7 
Wt. ofWet Wt. of Wt. of Volume Wet Unit Dry unit wt. = y 
sample+ Wet of Sample Container, Container Sample Container Weight, /(l+w), 
Ws+We We Ws v y Yd 
(g) (g) (g) (cm3) (g/cm3) (g/cm3) 
100 kPa 2256.9 2051 205.9 101.29 2.03 1.81 
150 kPa 2259 2051 208 101.29 2.05 1.82 
200 kPa 2258 2051 207 101.29 2.04 1.81 
300 kPa 2263.2 2051 212.2 101.29 2.09 1.86 
400 kPa 2254.4 2051 203.4 101.29 2.01 1.78 
Average 2.06 1.82 
T b1 G 15 U . W . h T t R 1t :D S "1 A8 a e mt etgJ t es esu s or 01 
Wt. ofWet Wt. of 
Wt. of Volume Wet Unit Dry unit wt. = y 
sample+ Wet of Sample Container Container 
Weight, /(I +w), 
Container, Sample 
Ws+We 
We Ws v y Yd 
(g) (g) (g) (em~ (g/cm3) (g/cm3) 
100 kPa 2242.4 2051 191.4 101.29 1.89 1.68 
150 kPa 2243.3 2051 192.3 101.29 1.90 1.68 
200 kPa 2253.4 2051 202.4 101.29 2.00 1.77 
300 kPa 2257.5 2051 206.5 101.29 2.04 1.81 
Average 1.96 1.74 
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Table G 16. Unit Weight Test Results for Soil B 1 
Wt. ofWet Wt. of Wt. of Volume 
sample+ Wet of Wet Unit Dry unit wt. = y Sample Container, Container Sample Container Weight, /(l+w), 
Ws+We We Ws v y Yd 
(g) (g) (g) (cm3) (g/cm3) (g/cm3) 
150 kPa 2250 2051 199 101.29 1.96 1.72 
200 kPa 2252.3 2051 201.3 101.29 1.99 1.74 
300 kPa 2253 2051 202 101.29 1.99 1.74 
Average 1.98 1.73 
T bl G17 U 't W . ht T t R 1 f1 S '1 B2 a e m etgJ es esu ts or 01 
Wt. ofWet Wt. of Wt. of Volume Wet Unit Dry unit wt. = y 
sample+ Wet of Sample Container, Container Sample Container Weight, /(l+w), 
Ws+We We Ws v y Yd 
(g) (g) (g) (cm3) (g/cm3) (g/cm3) 
150 kPa 2251.9 2051 200.9 101.29 1.98 1.73 
200 kPa 2258.6 2051 207.6 101.29 2.05 1.79 
300 kPa 2255.7 2051 204.7 101.29 2.02 1.76 
250 kPa 2250.5 2051 199.5 101.29 1.97 1.72 
Average 2.01 1.75 
T bl G18 U 't W . ht T t R It f1 S '1 B3 a e m etgJ es esu s or 01 
Wt. ofWet Wt. of Wt. of Volume Wet Unit Dry unit wt. = y 
Sample sample+ Container Wet 
of Weight, /(l+w), 
Container, Sample Container 
Ws+Wc We Ws v 
y Yd 
(g) (g) (g) (cm3) (g/cm3) (g/cm3) 
150 kPa 2267.6 2051 216.6 101.29 2.14 1.87 
200 kPa 2260.4 2051 209.4 101.29 2.07 1.81 
300 kPa 2259.8 2051 208.8 101.29 2.06 1.80 
100 kPa 2261.7 2051 210.7 101.29 2.08 1.82 
Average 2.09 1.82 
158 
TableG19 U ·tw. htT tR 1 :D S "1B4 m e1_gJ es esu ts or 01 
Wt. ofWet 
Wt. of Wt. of Volume 
sample+ Wet of Wet Unit Dry unit wt. = y Sample 
Container, Container Sample Container Weight, /(l+w), 
Ws+We We Ws v 'Y 'Yd 
(g) (g) (g) (cm3) (g/cm3) (g/cm} 
150 kPa 2260.3 2051 209.3 101.29 2.07 1.78 
200 kPa 2259.8 2051 208.8 101.29 2.06 1.78 
300 kPa 2259.8 2051 208.8 101.29 2.06 1.78 
100 kPa 2257.9 2051 206.9 101.29 2.04 1.76 
Average 2.06 1.77 
T bl G20 U .t W . ht T t R 1 :D S ·1 C1 a e m e1g1 es esu ts or 01 
Wt. ofWet Wt. of Wt. of Volume Wet Unit Dry unit wt. = y sample+ Wet of Sample Container, Container Sample Container Weight, /(1 +w), 
Ws+We We Ws v y Yd 
(g) 
_(gl (g) (cm3) (g/cm3) (g/cm3) 
150 kPa 2240 2051 189 101.29 1.87 1.60 
200 kPa 2237.6 2051 186.6 101.29 1.84 1.58 
Average 1.85 1.59 
T bl G21 U .t W . ht T t R It :D S ·1 C2 a e m e1g1 es esu s or 01 
Wt. ofWet Wt. of Wt. of Volume Wet Unit Dry unit wt. = y 
Sample sample+ Container Wet of Weight, /(1 +w), Container, Sample Container 
Ws+We We Ws v 'Y 'Yd 
(g) Jg}_ (g) (em} (g/cm3) igl'cm} 
150 kPa 2229.1 2050 179.1 101.29 1.77 1.50 
200 kPa 2236 2050 186 101.29 1.84 1.56 
300 kPa 2232.5 2050 182.5 101.29 1.80 1.53 
Average 1.80 1.53 
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T b1 022 U . t W . ht T R 1 £ S ·1 C a e m etgJ est esu ts or 01 3 
Wt. ofWet Wt. of Wt. of Volume 
sample+ Wet of Wet Unit Dry unit wt. = y Sample Container, Container Sample Container Weight, /(l+w), 
Ws+We We Ws v 'Y "(d 
(g) (g) (g) (cm3) (g/cm3) (g/cm3) 
150 kPa 2248.5 2050 198.5 101.29 1.96 1.67 
200 kPa 2245.4 2050 195.4 101.29 1.93 1.65 
300 kPa 2237.7 2050 187.7 101.29 1.85 1.58 
Average 1.91 1.63 
T b1 023 U . W . h T R 1 £ S "1 C4 a e mt etgJ t est esu ts or 01 
Wt. ofWet Wt. of Wt. of 
Volume Wet Unit Dry unit wt. = y 
sample+ Wet of Sample Container, Container Sample Container 
Weight, /(l+w), 
Ws+We 
We Ws v "( "(d 
(g) (g) (g) (cm3) (g/cm3) (g/cm3) 
150 kPa 2251.5 2050 201.5 101.29 1.99 1.69 
200 kPa 2255.3 2050 205.3 101.29 2.03 1.73 
300 kPa 2251.8 2050 201.8 101.29 1.99 1.69 
Average 2.00 1.71 
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Table HI. Organic Content Test Results for 20B Gravois Creek 
We+ We+ Organic 
s We WaEFORE WAFTER WaEFORE WAFTER Wo Content 
(g) (g) (g) (g) (g) (g) 
1 285.5 419.7 401.8 134.2 116.3 17.9 13.34 
2 285.4 407.9 392.1 122.5 106.7 15.8 12.90 
Table H2. Organic Content Test Results for 20B Deer Creek 
We+ We+ Organic 
s We WaEFORE WAFTER WaEFORE WAFTER Wo Content 
(g) (g) (g) (g) (g) (g) 
1 285.3 397.9 381.9 112.6 96.6 16 14.21 
2 285.2 382.5 373.1 97.3 87.9 9.4 9.66 
Table H3. Organic Content Test Results for 20B Creve Coeur Creek 
We+ We+ Organic 
s We WaEFORE WAFTER WaEFORE WAFTER Wo Content 
(g) (g) (g) (g) (g) (g) 
1 285.2 341.9 339.8 56.7 54.6 2.1 3.70 
2 285.2 394.8 390.3 109.6 105.1 4.5 4.11 
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Table H4. Organic Content Test Results for 32 Gravois Creek 
We+ We+ Organic 
s We WaEFORE WAFTER WaEFORE WAFTER Wo Content 
{g) (g) (g) (g) (g) (g) 
1 285.3 438 425.7 152.7 140.4 12.3 8.06 
2 285.2 409.3 399.9 124.1 114.7 9.4 7.57 
Table H5. Organic Content Test Results for 32 Grand Glaize Creek 
We+ We+ Organic 
s We WaEFORE WAFTER WaEFORE WAFTER Wo Content 
(g) (g) (g) (g) (g) (g) 
1 285.3 382.9 374.1 97.6 88.8 8.8 9.02 
2 285.3 431.6 418.4 146.3 133.1 13.2 9.02 
Table H6. Organic Content Test Results for 32 Creve Coeur Creek 
We+ We+ Organic 
s We WaEFORE WAFTER WaEFORE WAFTER Wo Content 
(g) (g) (g) (g) (g) (g) 
1 285.3 351.3 346.9 66 61.6 4.4 6.67 
2 285.2 386.5 380 101.3 94.8 6.5 6.42 
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Table H7. Organic Content Test Results for 33 Gravois Creek 
We+ We+ Organic 
s We WaEFORE WAFTER WaEFORE WAFTER Wo Content 
(g) (g) (g) (g) 
_{g)_ (g) 
1 285.3 415 404.6 129.7 119.3 10.4 8.02 
2 285.3 369.3 362.8 84 77.5 6.5 7.74 
Table H8. Organic Content Test Results for 33 Deer Creek 
We+ We+ Organic 
s We WaEFORE WAFTER WaEFORE WAFTER Wo Content 
(g) (g) (gl {g) _{g)_ (g)_ 
1 285.3 417.5 407.2 132.2 121.9 10.3 7.79 
2 285.3 368.2 361.7 82.9 76.4 6.5 7.84 
Table H9. Organic Content Test Results for 33 Creve Coeur Creek 
We+ We+ Organic 
s We WaEFORE WAFTER WaEFORE WAFTER Wo Content 
(g) (g) (g) (g) (g) (gl 
1 393.9 534.3 520.4 140.4 126.5 13.9 9.90 
2 393.1 466.3 457.7 73.2 64.6 8.6 11.75 
APPENDIX I 
DIRECT SHEAR TEST 
Deer Creek - Soil Type 20B 






























Shear Strength V s. N annal Stress 
100 200 300 400 
N annal Stress (kP a) 
tmax = 0.3892cr + 11.315 
Cohesion, c = 11.315kPa 
~ = 0.3892a + 11.315 
R:~ = 0.9851 
+ 208 Deer 
-Linear (208 Deer) 
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Creve Coeur Creek - Soil Type 20B 





























Shear Strength V s. N onnal Stress 
20 
o+-----~-----.-----.----~ 
0 100 200 300 400 
N onnal Stress (kP a) 
tmax = 0.2938cr + 30.32 
Cohesion, c = 30.32 kPa 
tmax = 0.2938a + 30.316 
R:l = 0.9807 
+ 20B Creve Coeur 
-Linear (20B Creve 
Coeur) 
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Creve Coeur Creek - Soil Type 32 
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Shear Strength V s . N onnal Stress 
tm.ax = 0.3922a + 8.6323 
R1 = 0.9849 
+ 32 Creve Coeur 
-Linear (32 Creve Coeur) 
0 100 200 300 400 
N onnal Stress (kPa) 
tmax = 0.3922cr + 8.6323 
Cohesion, c = 8.6323 kPa 
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Grand Glaize Creek - Soil Type 32 





















Shear Strength V s. N annal Stress 
20 
0~----~----.-----.-----~ 
0 100 200 300 400 
N annal Stress (kPa) 
tmax =0.3916cr + 2. 7615 
Cohesion, c = 2. 7615 kPa 
tm.ax = 0.3916a + 2.7615 
R:l = 0.9875 
+ 32Grand 
-Linear (32 Grand) 
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Gravois Creek - Soil Tye 33 
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Shear Strength V s. Normal Stress 
-
100 200 300 400 
Normal Stress (kPa) 
tmax = 0.2764cr + 33.84 
Cohesion, c = 33.84 kPa 
~ = 0.2764cr + 33.837 
R:l = 0.952 
+ 33 Gravois 
-I.inear(33 Gravois) 
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Deer Creek - Soil Type 33 
























Shear Strength V s. N annal Stress 
20 
o+------.-----.-----.------
0 100 200 300 400 
N annal Stress (kP a) 
tmax = 0.3112cr + 34.232 
Cohesion, c = 34.232 kPa 
tmmc = 0.31120 + 34.232 
R1 = 0.9979 
+ 33 Deer 
-Linear (33 Deer) 
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Creve Coeur Creek- Soil Type 
33 












Shear Strength V s . N onnal Stress 
140 .,----- -------------, ~ = 0.3790 + 6.9364 
120 R1 = 0.9996 
20 
o+------.------.-----.-----~ 
0 100 200 300 400 
N onnal Stress (kPa) 
tmax = 0.379cr + 6.9364 
Cohesion, c = 6.9364 kPa 
+ 33 Creve 
-Iinear(33 Creve) 
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Soil Type A2 
Sand - 58%, Silt- 32%, Clay-
9% 
Normal 
Max Shear Stress 
Run Stress Applied 
# (kPa) (kPa) 
1 46.94 100 
2 65.069 150 
3 80.2 200 
4 119.61 300 













0 100 200 300 400 
Normal Stress (kPa) 
tmax = 0.3617cr + 10.144 
Cohesion, c = 10.144 kPa 
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t-x = 0.3617cr+ 10.144 
R2 = 0.9976 
• Soil A2 
- Soi1A2 
Soil Type A3 
Sand - 58%, Silt - 32%, Clay -
9% 
Normal 
Max Shear Stress 
Run Stress Applied 
# (kPa) (kPa) 
1 62 100 
2 75 150 
3 88 200 
4 138.44 300 
5 170 400 
Sbeoa1· Stre-ngth Vs. Nonn.'ll SU"E"ss 
180 
160 
'(? 140 ~ 120 
~ 100 
6 80 l:l 
U2 
~ 60 
..s:: 40 U2 
20 
0 
0 100 200 300 400 500 
Normal Stress (kPa) 
tmax = 0.3774<J + 19.88 
Cohesion, c = 19.88 kPa 
t-c = 0.3774a + 19.88 
R2 = 0.9875 
• Soil A3 
- Soi1A3 
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Soil Type A4 
Sand- 58%, Silt- 32%, Clay- 10%; 
Normal 
Max Shear Stress 
Run Stress Applied 
# (kPa) (kPa) 
1 75.0631 150 
2 85.64 200 
3 121.089 300 
4 157.657 400 
Sl\(>ar Strt>ngth Vs . Nonn.'ll Stl't'ss 
180 
160 




~ 60 ;:::: 40 U2 
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0 
0 100 200 300 400 500 
Normal Stress (kPa) 
'tmax = 0.3369cr + 21.437 
Cohesion, c = 21.437 kPa 
fmmc = 0.33690' + 21.437 
R:~ = 0.9943 
+ Soil A4 
- Soi1A4 
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Soil Type AS 
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0 100 200 300 400 500 
Normal Stress (kPa) 
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~ = 0.3167o + 18.782 
R:~ = 0.959 
+ Soil AS 
- Soil AS 
tmax = 0.3167cr + 18.782 
Cohesion, c = 18.782 kPa 
Soil Type A6 





























0 100 200 300 
Normal Stress (kPa) 
tmax = 0.3278cr + 23.381 
tmmc = 0. 3278cr + 23.381 
R:~ = 0.9939 
400 
+ Soil A6 
- Soi1A6 
Cohesion, c = 23.381 kPa 
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Soil Type A7 

































0 100 200 300 400 500 
Normal Stress (kPa) 
tmax = 0.34230' + 31.479 
Cohesion, c = 31.479 kPa 
tsux = 0.3423cr + 31.479 
R1 = 0.9672 
+ Soil A7 
- Soi1A7 
177 
Soil Type A8 
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Normal Stress (kPa) 
tmax = 0.2998cr + 35.469 
Cohesion, c = 35.469 kPa 
t-x = 0. 2998o + 35.469 
R:.J = 0.9969 
+ Soil A8 
- Soi1A8 
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Soil Type Bl 
Sand - 45%, Silt- 35%, Clay-
20% 
Normal 
Max Shear Stress 















0 100 200 300 ~0 
Normal Stress (kPa) 
tmax = 0.2923cr + 45.071 
Cohesion, c = 45.071 kPa 
~= 0.29230+45 .071 
R2 = 0.932 
+ Soil 81 
- SoilBl 
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Soil Type B2 

















Shear Strength Vs. Normal Stress 
1~~-------------------------, 
120 











0 100 200 300 400 
N annal Stress (kPa) 
tmax = 0.3407cr + 23.569 
Cohesion, c = 23.569 kPa 
tm.x = 0.3407 a + 23 .569 
R:l = 0.9215 
+ Soil B2 
- Soi1B2 
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Soil Type B3 
































0 100 200 300 400 
N onnal Stress (kP a) 
tmax =0.1993a +63.461 
Cohesion, c = 63.46 kPa 
~= 0.19930+63.461 
R~ = 0.986 
+ Soil 83 
- Soi1B3 
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Soil Type B4 
Sand -45%, Silt- 35%, Clay-
20% 
Normal 
Max Shear Stress 
Run Stress Applied 
# (kPa) (kPa) 
1 57 100 
2 67 150 
3 77.5 200 
4 108 300 















0 100 200 300 400 
N onnal Stress (kP a) 
tmax = 0.2569cr + 29.2 14 
Cohesion, c = 29.214 kPa 
tmmc = 0.2569a + 29.214 




Soil Type Cl 
Sand - 35%, Silt- 35%, Clay-
30% 
Normal 
Max Shear Stress 
Run Stress Applied 
# (kPa) (kPa) 
89.42 150 
2 96 200 
3 129 300 




p... 100 ~ • 
io 80 q 






0 100 200 300 400 
Normal Stress (kPa) 
tmax = 0.2773cr + 45.589 
Cohesion, c = 45.589 kPa 
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Soil Type C2 
Sand -35%, Silt- 35%, Clay-
30% 
Normal 
Max Shear Stress 
Run Stress Applied 
# (kPa) {kPa) 
1 62.35 150 
2 71.23 200 
3 96 300 
















0 100 200 300 400 
N annal Stress (kPa) 
tmax = 0.2277cr + 27.189 
Cohesion, c = 27.189 kPa 
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t_ = 0 .2277 0 + 27 .198 
Rl = 0.9942 
+ Soil C2 
- Soi1C2 
Soil Type C3 





























Shear Strength Vs. Nonnal Stress 
100 200 300 
N annal Stress (kPa) 
400 
tmaK= 0.2464a + 52.607 
R2 .. 0.982 
+ Soi1C3 
- Soi1C3 
tmax == 0.2464cr + 52.607 
Cohesion, c == 52.607 kPa 
185 
Soil Type C4 




















0 100 200 300 400 
NonnalSt!ess (kPa) 
tm.x· 0.1042a + 85.644 
R1 = 0.9857 
+ Soi1C4 
- Soi1C4 
tmax = 0.1042cr + 85.644 
Cohesion, c = 85.644 kPa 
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